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Abstract 
 
Due to the depleting reserves of coal, oil and natural gas and to their negative impact 
on the environment, the humanity is forced to find renewable alternatives to replace 
the fossil feedstocks for the production of energy and chemical products. An example 
for an area of application where renewables are already used to substitute fossil 
feedstocks is the production of fuels. Biodiesel is one of the most popular biofuels 
nowadays. It is produced by transesterification of vegetable oils and fats. In this 
process, glycerol is formed as a by-product (approximately 10 wt.%). Glycerol is a 
versatile starting material which has up to 2000 applications. One very promising use 
of glycerol as starting material would be the dehydration of glycerol into acrolein. It 
could then be further converted into acrylonitrile - one of the most important 
monomers in the polymer production worldwide - by ammoxidation in the presence of 
ammonia and oxygen over mixed metal oxide catalysts. Today, acrylonitrile is 
exclusively synthesized from fossil feedstocks like propene and propane on an 
industrial scale. Therefore, a process combining the dehydration of glycerol to 
acrolein and the ammoxidation of the latter to acrylonitrile would be an alternative to 
the production processes based on fossil feedstocks. Thus, both reaction steps were 
studied separately at first - with focus on the ammoxidation of acrolein - and 
connected in a tandem reactor setup finally. 
For the first step of dehydration of glycerol to acrolein, we used previously optimized 
WO3/TiO2 catalysts, while oxide catalysts containing antimony, iron, vanadium and 
molybdenum were developed and used for the second ammoxidation step. Especially, 
the Sb-Fe-O catalysts were found highly selective and the influence of Sb/Fe ratio 
was subsequently studied. The presence of a FeSbO4 mixed phase on the 
synthesized samples was correlated to a high selectivity to acrylonitrile. Further, an 
increase in selectivity to acrylonitrile with the reaction time was observed, which was 
explained by the progressive formation of additional amounts of FeSbO4 over the 
catalysts during the reaction. After optimizing the key reaction parameter (reaction 
temperature, catalyst amount, NH3/acrolein ratio, O2/acrolein ratio) within a design of 
experiments, both reaction steps were connected in a tandem reactor. A maximum 
yield in acrylonitrile of 40 % (based on glycerol) was obtained. 
 
 
  
 
 
  
 I 
Table of Contents 
1	   Introduction and Aim of Work ................................................................................. 1	  
2	   Basic Knowledge .................................................................................................... 4	  
2.1	   Glycerol ............................................................................................................ 4	  
2.1.1	   Glycerol Production ................................................................................... 4	  
2.1.2	   Uses of Glycerol ........................................................................................ 8	  
2.2	   Acrolein .......................................................................................................... 12	  
2.2.1	   Acrolein Production .................................................................................. 12	  
2.2.2	   Uses of Acrolein ....................................................................................... 15	  
2.3	   Acrylonitrile .................................................................................................... 18	  
2.3.1	   Acrylonitrile Production ............................................................................ 18	  
2.3.2	   Uses of Acrylonitrile ................................................................................. 21	  
3	   Scientific State of the Art ...................................................................................... 24	  
3.1	   Direct Ammoxidation of Glycerol .................................................................... 24	  
3.2	   Indirect Ammoxidation of Glycerol via Acrolein .............................................. 27	  
3.2.1	   Step I: Dehydration of Glycerol ................................................................ 28	  
3.2.1.1	   Intermediate Conclusion for the Dehydration of Glycerol .................. 32	  
3.2.2	   Step II: Ammoxidation of Acrolein ............................................................ 33	  
3.2.2.1	   Mechanism and Kinetics ................................................................... 36	  
3.2.2.2	   Intermediate Conclusion for the Ammoxidation of Acrolein ............... 39	  
4	   Results and Discussion ........................................................................................ 41	  
4.1	   Dehydration of Glycerol ................................................................................. 41	  
4.1.1	   Reactor Setup .......................................................................................... 41	  
4.1.2	   Characterization ....................................................................................... 44	  
4.1.2.1	   Nitrogen Physisorption ...................................................................... 44	  
4.1.2.2	   X-ray Diffraction ................................................................................. 47	  
4.1.2.3	   Temperature Programmed Desorption .............................................. 50	  
4.1.3	   Results ..................................................................................................... 52	  
4.1.3.1	   Catalysts Prepared According to Method I ........................................ 52	  
4.1.3.2	   Catalysts Prepared According to Method II ....................................... 56	  
4.1.3.3	   Combination of Method I and II ......................................................... 58	  
4.1.3.4	   Identification of By-products .............................................................. 59	  
4.2	   Ammoxidation of Acrolein .............................................................................. 60	  
4.2.1	   Reactor Setup .......................................................................................... 60	  
  
 II 
4.2.2	   Characterization ....................................................................................... 64	  
4.2.2.1	   Antimony Iron Mixed Oxides ............................................................. 64	  
4.2.2.2	   Antimony Vanadium Mixed Oxides ................................................... 76	  
4.2.2.3	   Additional Ammoxidation Catalysts ................................................... 84	  
4.2.3	   Results ..................................................................................................... 92	  
4.2.3.1	   Preliminary Experiments ................................................................... 92	  
4.2.3.2	   Catalyst Screening ............................................................................ 99	  
4.2.3.3	   Best Catalysts for the Ammoxidation of Acrolein ............................ 106	  
4.2.3.4	   Design of Experiments .................................................................... 107	  
4.2.3.5	   Influence of Water ........................................................................... 117	  
4.2.3.6	   Long-term Stability .......................................................................... 121	  
4.2.3.7	   By-Products, Carbon and Mass- balance ........................................ 122	  
4.3	   Indirect Ammoxidation of Glycerol ............................................................... 123	  
4.3.1	   Reactor Setup ........................................................................................ 123	  
4.3.2	   Results ................................................................................................... 127	  
4.3.2.1	   Preliminary Experiments ................................................................. 127	  
4.3.2.2	   Adjustment of the Residence Time in presence of SbFeO ............. 128	  
4.3.2.3	   Best Catalysts for the Ammoxidation of Acrolein ............................ 131	  
4.3.2.4	   Adjustment of the Residence Time in the presence of MoO3 .......... 133	  
4.3.2.5	   Comparison of Crude and Synthetic Glycerol ................................. 134	  
4.3.2.6	   Long-term Stability .......................................................................... 136	  
4.3.2.7	   Identification of By-Products ............................................................ 137	  
5	   Synopsis ............................................................................................................. 138	  
5.1	   Summary ...................................................................................................... 138	  
5.1.1	   Dehydration of Glycerol ......................................................................... 138	  
5.1.2	   Ammoxidation of Acrolein ...................................................................... 139	  
5.1.3	   Indirect Ammoxidation of Glycerol ......................................................... 141	  
5.2	   Outlook ......................................................................................................... 143	  
6	   Experimental Section ......................................................................................... 144	  
6.1	   Chemicals .................................................................................................... 144	  
6.2	   Design of Experiments ................................................................................. 144	  
6.3	   Contact Time ................................................................................................ 144	  
6.4	   Analytics ....................................................................................................... 144	  
6.4.1	   Calculation of Conversion and Selectivity .............................................. 144	  
  
 III 
6.4.2	   Gas Chromatography ............................................................................ 145	  
6.4.2.1	   Aachen ............................................................................................ 145	  
6.4.2.2	   Lille .................................................................................................. 146	  
6.4.3	   High-Performance Liquid Chromatography ........................................... 146	  
6.4.4	   Nitrogen Physisorption ........................................................................... 146	  
6.4.5	   X-Ray Diffraction .................................................................................... 146	  
6.4.6	   X-Ray Photoelectron Spectroscopy ....................................................... 147	  
6.4.7	   NH3 - Temperature Programmed Desorption ........................................ 147	  
6.4.8	   H2 - Temperature Programmed Reduction ............................................ 147	  
6.4.9	   Thermo Gravimetric Analysis ................................................................. 147	  
6.4.10	   Inductively Coupled Plasma ................................................................ 148	  
6.5	   Preparation Methods .................................................................................... 148	  
6.5.1	   Catalysts for the Dehydration of Glycerol .............................................. 148	  
6.5.1.1	   Method I: Impregnation Method of Powder in the Slurry ................. 148	  
6.5.1.2	   Method II: Impregnation of Extrudates ............................................ 149	  
6.5.1.3	   Method III: Impregnation in a Slurry Followed by Extrusion ............ 150	  
6.5.2	   Catalysts for the Ammoxidation of Acrolein ........................................... 151	  
6.5.2.1	   Antimony Iron Mixed Oxides ........................................................... 151	  
6.5.2.2	   Antimony Vanadium Mixed Oxides ................................................. 152	  
6.5.2.3	   Additional Catalysts for the Ammoxidation of Acrolein .................... 153	  
7	   References ......................................................................................................... 156	  
  
 IV 
 
  
 V 
List of Abbreviations 
Å  Angstrom 
ABS  Acrylonitrile Butadiene Styrene 
AC  Acrolein 
ACN  Acrylonitrile 
BET  Specific surface area, according to Brunauer, Emmet, Teller 
DoE  Design of Experiments 
FAME  Fatty Acid Methyl Ester 
HMDA Hexamethylenediamine 
ICP  Inductively Coupled Plasma 
MHA  Methyl Hydroxythiobutric Acid 
PAA  Phthalic Acid Anhydride 
PE  Polyethylene 
PLA  Polylactic acid 
PP  Polypropylene 
S  Selectivity 
SAN  Styrene Acrylonitrile 
SOHIO Standard Oil of Ohio 
TGA  Thermo Gravimetric Analysis 
TOS  Time on Stream 
TPD  Temperature Programmed Desorption 
TPR  Temperature Programmed Reduction 
X  Conversion 
XPS  X-ray Photoelectron Spectroscopy 
XRD  X-ray Diffraction 
Y  Yield 
 
 
 
 
 
 
 
 
  
 VI 
 
 
Introduction and Aim of Work 
 1 
1 Introduction and Aim of Work 
One of the key challenges of the 21st century is to find solutions to ensure a 
sustainable energy supply for the next generations since the depletion of the fossil 
energy resources such as oil, gas and coal is ongoing. Nowadays, the energy 
production is mainly based on those fossil feedstocks. The produced energy fraction 
based on renewable feedstocks is rather small. Less than 2 % of the world energy 
consumption is assured by renewables.[1] However, the world energy consumption is 
further increasing and will follow this trend for the next decades notably due to the 
growth in emerging countries (Figure 1). With this in mind, it is a major task of our 
society to expedite the development of technologies that allow the usage of 
renewable feedstocks - like biomass - in a profitable way for the energy production in 
general. 
 
 
An example for an area of application in which already renewables are used to 
substitute fossil feedstocks is the production of transport fuels such as diesel.  
The increasing number of the global vehicle fleet from approximately 1 billion 
nowadays (commercial vehicles and passenger cars) to 1.6 billion by 2030 
necessitates the development of renewable based fuels as for example biodiesel 
from fats and oils by transesterification.[2-4] For example, the European Union has 
Figure 1: World energy consumption in million tons oil equivalent.[1] 
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defined that until 2020, a 20 % share of energy from renewable sources must be 
reached which will most probably not be accomplished. This legislation includes a 
mandatory target of 10 % biofuels blended with transport gasoline and diesel.[5] In 
order to achieve those requirements the production of biodiesel (corresponding to the 
first generation) has increased during the last decade.[6] Consequently, the 
availability of glycerol has increased as well, since approximately 10 wt.% glycerol is 
produced as a by-product of the transesterification process yielding biodiesel of the 
first generation. Estimations indicate that the supply of glycerol will overpass the 
actual demand by a factor six in 2020.[7] Hence, the glycerol prices will decrease to 
be less than 0.20 €/kg and due to its various applications it will become an even more 
interesting platform molecule for the industry than it is already nowadays.[8, 9]  
Another example for the replacement of fossil feedstock by renewables is the 
production of polymers. The polymer industry consumes almost 4 % of the global 
crude oil consumption nowadays.[10] Therefore, a sustainable replacement of the 
depleting feedstock for this application is of tremendous importance.  
Polymers based on renewables can be classified into two groups. On the one hand, 
research is carried out in order to produce polymers from renewable feedstocks with 
similar properties as fossil feedstock-based polymers. An example is polylactic acid 
(PLA) that is made of lactic acid which is obtained by fermentation of glucose or 
starch.[11] One application of PLA is the production of packaging.[12] Therefore, it can 
be used to replace fossil-based polymers like polyethylene (PE) or polypropylene 
(PP).[11] 
On the other hand, research is conducted in order to produce already established 
polymers from renewable sources instead of crude oil for example. One example is 
acrylonitrile (ACN) which is among the top 50 chemicals produced in the US.[13] 
Today, propene is mainly used as starting material for the synthesis of ACN. Usually, 
ACN is utilized in the production of styrene-acrylonitrile (SAN) and acrylonitrile-
butadiene-styrene (ABS) resins and nitrile elastomers.[14] 
Introduction and Aim of Work 
 3 
A process using glycerol as a feedstock that is converted into acrylonitrile would be 
an alternative to the production processes based on fossil feedstock. Therefore, this 
indirect route starting from the renewable feedstock glycerol would illustrate a “green” 
possibility to produce acrylonitrile. 
As a part of the EuroBioRef project (European Multilevel Integrated Biorefinery 
Design of Sustainable Biomass Processing) - a European project supported within 
the EU’s Seventh Framework Program - the aim of this work is to study the 
conversion of glycerol into acrylonitrile following an indirect route via the intermediate 
acrolein (AC). In a first reaction step, glycerol will be dehydrated in the presence of 
an acidic catalyst into acrolein. Afterwards, acrolein will be ammoxidized to form 
acrylonitrile in the presence of oxygen and ammonia over a heterogeneous 
multicomponent catalyst. Therefore, both reaction steps were studied first separately 
with a specific focus on the ammoxidation of acrolein into acrylonitrile as the 
dehydration of glycerol was already studied in the group of Hoelderich with 
remarkable results which were applied to the first reaction step in this project.[15-20] 
Thereafter, the indirect ammoxidation of glycerol was studied in tandem reactor mode. 
Suitable heterogeneous catalysts were prepared, characterized and screened for 
their catalytic performance for each reaction step in continuous plug flow fixed-bed 
reactors in the gaseous phase. Furthermore, the influence of different reaction 
parameters on the catalytic performance was studied for the second reaction step. 
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2 Basic Knowledge 
2.1 Glycerol 
Glycerol is the simplest trihydric alcohol and has been a well-known chemical since 
its discovery by the Swedish chemist Carl Wilhelm Scheele in 1783. The name 
“glycerol” is deduced from the Greek word “glykos” which means “sweet”.[21] It is the 
carbon backbone which can be found in all natural fats and oils. Furthermore, it is an 
important intermediate in the metabolism of living organisms.[7] 
2.1.1 Glycerol Production 
Until the 1940s, glycerol was mainly obtained as a byproduct in the production of 
soaps from triglycerides as shown in Figure 2. After the introduction of synthetic 
surfactants the production of soaps based on oils and fats became less profitable. 
Additionally, the glycerol consumption increased due to its application in the tobacco 
and food industry as a humectant and in the cosmetic industry as well as in the 
production of explosives.[22] 
 
CH2OC
O
CHOC
O
CH2OC
O
+ 3 NaOH
CH2HO
CHHO
CH2HO
COONa
COONa
COONa
+
R1
R2
R3
R1
R2
R3  
Figure 2: Glycerol as a byproduct in the production of soaps. 
 
Hence, it was necessary to develop synthetic production processes to satisfy the 
upcoming demand in glycerol. The first commercial glycerol production process 
based on fossil feedstock was the hydrolysis of epichlorohydrin which was firstly 
applied by I.G. Farben in Germany in 1943.[23] 
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Cl
Cl
O
+ Cl2
- HCl + HOCl, + Ca(OH)2
- CaCl2, - 2 H2O
Cl
O HO
OH
Cl
HO
O
OH
OH
HO
HO
O
+ H2O - HCl
+ H2O
 
Figure 3: Classical production route of glycerol from fossil feedstock. 
 
As depicted in Figure 3, propylene is used as a feedstock. In a first reaction step, the 
propylene reacts with chlorine to form allyl chloride which afterwards is converted to 
epichlorohdrine in the presence of hypochlorous acid and calcium hydroxide. The 
epichlorohydrin is then hydrolyzed to glycerol. 
Another process based on allyl alcohol was operated by Degussa and Shell for 
example (Figure 4). 
 
HO
HO
O OH
OH
HO+ H2O2
[Cat.]
- H2O
+ H2O
 
Figure 4: Glycerol production from allyl alcohol. 
 
Propylene is firstly epoxidized to propylene oxide. Thereafter, the propylene oxide is 
isomerized to allyl alcohol. Allyl alcohol is then epoxydized with hydrogen peroxide 
over tungsten-VI-oxide catalysts to glycidol which is finally hydrolyzed to glycerol. 
Instead of hydrogen peroxide, peracetic acid can be used as well for the epoxidation 
of allyl alcohol.[7] In contrast to the process based on epichlorohydrin, the conversion 
of allyl alcohol into glycerol has the advantage that no chlorine is involved which 
makes the process more environmentally friendly. 
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Due to the rapidly increasing commercial production of fats and oils over the last 40 
years, glycerol is more and more obtained as a byproduct – e.g. of the saponification 
or the hydrolysis - instead of being synthesized from fossil feedstocks.[24] Additionally, 
the transesterification of fats and oils to fatty acid methyl esters (FAME) and glycerol 
depicted in Figure 5 has increased since the beginning of the 21st century - especially 
in Europe - due to the rising demand for biodiesel.  
 
CH2OC
O
CHOC
O
CH2OC
O
+ 3 CH3OH
CH2HO
CHHO
CH2HO
COOCH3
COOCH3
COOCH3
+
R1
R2
R3
R1
R2
R3
[Cat.]
 
Figure 5: Glycerol as byproduct in the transesterification of fatty acids with methanol. 
 
Figure 6 shows the scheme of a homogeneously catalyzed biodiesel process 
developed by Lurgi. The process consists of two mixer/settler reactors where 
mixtures of methanol, oil and catalyst (e.g. NaOH or the methanolate NaOCH3) are 
intensively mixed followed by a phase separation. Afterwards, the products are 
purified by distillation.[25, 26] Conversions higher than 99.5 % are achieved. The main 
advantages of this process are high catalyst activity and the moderate reaction 
conditions.[27] However, the homogenously catalyzed transesterification entails 
drawbacks also. The formation of salts caused by the neutralization of the basic 
catalyst and the necessarily high purity of the oil feed (the free fatty acid [FFA] 
content must not be higher than 0.5 % in order to avoid the formation of soaps) are 
the major drawbacks.[28] Glycerol is obtained with 85 % purity and contains besides 
10 % water, 5 % salts. Therefore, in most cases an additional distillation is necessary 
to achieve the high purities needed for the downstream processes.[8]  
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R-1R-2R-3
Oil
Mixer/Settler I Mixer/Settler II
Biodiesel
Crude Glycerol
HCl
HCl
Methanol
NaOCH3
Methanol
Distillation
Water
Removal
Biodiesel
Washing ! 
Figure 6: Biodiesel process developed by Lurgi.[27] 
 
A possibility to overcome the aforementioned drawback of salt formation would be 
transesterification over heterogeneous catalysts. Today, only one process reached 
the commercial level. In the so-called Esterfip-H process, developed by the Institut 
Français du Pétrole (IFP) and commercialized by Axens, vegetable oil is converted to 
FAME over zinc alumina catalysts in two fixed bed reactors.[29-31]  
The glycerol is separated between the two reactors and purities over 98 % are 
achieved.[32] Total conversions above 99.2 % are obtained which makes this process 
comparable to the homogenously catalyzed process by Lurgi. The necessity of highly 
purified oil (free fatty acid content less than 0.5 %) has not been overcome by this 
process either. The used catalysts are sensitive to FFAs as the synthesis of zinc 
containing soaps is possible which makes an expensive purification of the oil feed 
indispensible. 
However, the results published by Rußbueldt et al. showed that by utilizing rare earth 
metal oxides (preferably La on tetragonal ZrO2) as catalysts for the transesterification 
it is possible to use oils with high FFA content as feedstock without having to deal 
with catalyst saponification as observed in the Esterfip-H process.[33-35] 
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2.1.2 Uses of Glycerol 
Nowadays, glycerol has more than 2000 different possible fields of application.[7] This 
fact highlights its incredible potential as a renewable feedstock for the chemical 
industry. Figure 7 gives an overview of the distribution of glycerol consumption by 
different application fields. 
 
Alkyd&resins&
8%&
Triace1n&
10%&
Others&
11%&
Food&
11%&
Polyether/&
Polyols&
14%&
Personal&Care&
16%&
Drugs/&
Pharmaceu1cals&
18%&
Tobacco&
6%&
Detergents&
2%&
Cellophane&
2%&
Explosives&
2%&
  
Figure 7: Distribution of the glycerol consumption by different application fields.[22] 
 
Due to its properties as humectant - it absorbs and retains water - glycerol is used by 
the food and tobacco industry. Additionally, it is added to antifreeze solutions that are 
used in automobile radiators for instance (Table 1). 
 
Table 1: Characteristics of water solutions of glycerol.[36] 
Glycerol Concentration 
[wt.-%] 
Freezing Point 
[°C] 
20 - 5.0 
40 - 15.6 
60 - 34.0 
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Besides the application as an additive in the food industry for example, glycerol is 
potentially also a versatile platform molecule for the synthesis of several value added 
products. An overview is given in Figure 8. 
 
 
Figure 8: Possible applications of glycerol as a feedstock.[37] 
 
A promising example is the catalytic hydrogenolysis to 1,2 propylene glycol which is 
used in tooth paste, cosmetics or polyurethanes. Archer Daniels Midland (ADM) 
started a new 100.000 tonnes per year plant in March 2011. The glycerol obtained by 
ADM’s biodiesel production will be purified and then converted into propylene glycol 
in the new plant.[37, 38] 
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The first derivative of glycerol that reached commercial standard was trinitroglycerine 
adsorbed to silica gel (Dynamite) in 1866.[23] 
 
OH
OH
OH
O
O
O
NO2
NO2
NO2
+ 3 HNO3/H2SO4
- 3 H2O
 
Figure 9: Synthesis of trinitroglycerine from glycerol. 
 
As depicted in Figure 9, glycerol is converted with a mixture of nitric acid and sulfuric 
acid to trinitroglycerine. Nowadays, the synthesis of trinitroglycerine still accounts for 
about 4 % of the total glycerol consumption.[23, 39] 
 
OH
OH
HO
Cl
OH
Cl
Cl
O+ 2 HCl
- 2 H2O
+ NaOH
- NaCl, - H2O
Cl
Cl
OH
+
 
Figure 10: Two step Epicerol process for the production of epichlorohydrine from glycerol. 
 
Figure 10 shows another economically and environmentally advantageous utilization 
of glycerol. Epichlorohydrine, originally being used for example as a feedstock for the 
glycerol production in the middle of the last century as shown in section 2.1.1, is 
produced by a two step process. The process starting from glycerol has several 
advantages compared to the synthesis from propene: 
 
• Reduction of chlorinated waste 
• Non-toxic or non-flammable starting material 
• Reduced process steps from four to two 
• Main product 1,3-dichlorohydrine 
• 1,3-dichlorohydrine reacts 10 times faster than 1,2-dichlorohydrine 
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Epichlorohydrine is used in the production of epoxy resins, two-component adhesives 
and as a solvent for cellulose esters and ethers.[37, 40] This process is carried out on a 
commercial scale by Solvay in France and by DOW in China. 
O
O
O
n OH
OH
HO+ n
- n H2O
O
O O
O
OH
n
+ PAA
- H2O
cross-linking
 
Figure 11: Synthesis of alkyd resins from glycerol and phthalic acid anhydride. 
 
Glycerol is also utilized as a starting material for the production of alkyd resins . Alkyd 
resins are applied as raw materials in the paint and varnish industry. In a first step, a 
fusible resin is formed with approximately equimolar ratios of glycerol and phthalic 
acid anhydride (PAA). Afterwards, this resin is cross-linked with excess PAA to form 
the non-fusible alkyd resin.[23] 
 
OH
OH
HO
O
 - 2 H2O
 
Figure 12: Synthesis of acrolein from glycerol. 
 
A reaction that has been studied intensively over the last years is the dehydration of 
glycerol to acrolein over different acidic catalysts.[8, 15, 16, 41, 42] The dehydration of 
glycerol to acrolein will be discussed in detail in section 3.2.1. 
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2.2 Acrolein 
Acrolein, the simplest unsaturated aldehyde, is a colorless and toxic liquid. Its name 
is derived from the Latin words “acer” and “oleum”, meaning acrid and oil respectively. 
It was discovered in 1843 by the Austrian chemist Josef Redtenbacher by 
overheating fat. The primary characteristic of acrolein is its high reactivity because of 
a carbonyl group conjugation with a vinyl group.[43, 44] 
2.2.1 Acrolein Production 
Acrolein can be obtained from a variety of different feedstocks as depicted in Figure 
13. Examples for petroleum-based synthesis routes are the oxidation of allyl alcohol 
[45] or the decomposition of allyl ether.[46] Another starting material is propane. 
However, up to now insufficient yield towards acrolein were observed.[47] Furthermore, 
the partial oxidation of ethane reported by Nakagawa et al. and the reaction of 
formaldehyde with ethanol demonstrate two additional synthesis routes for 
acrolein.[48, 49] However, all aforementioned synthesis methods share significant 
drawbacks (low availability and high cost of the reactants, high energy consumption, 
low selectivity) that make an application on larger scale impossible. 
 
 
Figure 13: Possible synthesis methods of acrolein.[43] 
As already stated in section 2.1.2, the formation of acrolein by the dehydration of 
glycerol has been studied widely over the last years (cf. section 3.2.1).[8, 15-20, 41, 42, 50] 
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Nevertheless, besides the upcoming interest in this synthesis route due to the 
availability and decreasing price of glycerol over the last decade, this reaction was 
the first known synthesis route to obtain acrolein. It was used for approximately 100 
years after the discovery of acrolein. 
 
O[Cat.]
- 2 H2OOH
OH
HO
 
Figure 14: Dehydration of glycerol to acrolein. 
 
However, as a result of rather poor yields in acrolein (33 % - 48 % over potassium 
bisulfate or diluted sulfuric acid), this synthesis route was replaced in the 1940s by 
more efficient processes.[51, 52] 
Degussa commercialized the first large-scale production process in 1942.[23] 
 
O + HCHO O[Cat.]- H2O  
Figure 15: Condensation of acetaldehyde with formaldehyde to acrolein. 
 
The process was based on the condensation of acetaldehyde with formaldehyde. 
The two reactants are converted at 300 °C to 320 °C in the gaseous phase over 
sodium silicate on silica support catalysts. This method was used until the end of the 
1950s when Shell firstly introduced the oxidation of propene over cuprous oxide 
catalysts.[23, 53] 
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The performance over the above-mentioned catalysts was very poor, though. Only 
low propylene conversion of around 15 % was obtained and therefore making a 
recycling of the non-converted reactant necessary.[44] 
 
O[Cat.]
- H2O
+ O2
 
Figure 16: Oxidation of propene to acrolein. 
 
In 1957, Standard Oil of Ohio (SOHIO) found mixed oxides based on bismuth and 
molybdenum to be very efficient in the oxidation of propene into acrolein.[53] This 
catalytic system was then further improved by adding different dopants as for 
example Fe, Ni and Co. Table 2 gives an overview of the different catalyst 
compositions from 1960 until 2006. Today, acrolein yields of up to 90 % are achieved.  
The process parameters in commercial plants nowadays include reaction 
temperatures of 300 °C to 400 °C, residence times between 1.5 and 3.5 seconds and 
5 vol.-% to 10 vol.-% propylene in the feed. The other feed components are, of 
course, oxygen and a carrier gas such as nitrogen. The catalyst lifetime is up to ten 
years before a replacement becomes necessary.[53] 
 
Table 2: Development of propene oxidation catalysts.[44] 
Year Catalyst Company 
1960 BiMo SOHIO 
1965 BiMoFe Knapsack 
1969 BiMoFeNiCo Nippon Kayaku 
1974 BiMoFeCoWSiK Nippon Shokubai 
1990 BiMoFeCoNiPKSmSi Degussa 
2000 BiMoFeNiCoK Nippon Kayaku 
2003 BiMoFeCoWSiK Nippon Shokubai 
2005 BiMoFeCoK LG Chem 
2006 BiMoFeCoNiNaBKSi Mitsubishi Chem 
 
The catalytic systems in Table 2 are also applied in the commercial production of 
acrylonitrile and acrylic acid from propene. 
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2.2.2 Uses of Acrolein 
One of few direct uses of acrolein is as a biocide. Only very low concentrations of 
approximately 10 ppm are used to control the growth of algae in recirculating water 
systems for example.[53] Other possible fields of application for the reactant acrolein 
are shown in Figure 17. 
 
 
Figure 17: Potential applications of acrolein as feedstock.[43] 
 
Due to the high reactivity of the double bound and the carbonyl-group, the highly 
toxic acrolein is not easy to handle and store. Therefore, stabilizers like hydroquinone 
are usually added to inhibit a polymerization of acrolein.[44] Hence, the uses can be 
divided into two groups. On the one hand, acrolein is used as a purified starting 
material for the syntheses of important chemical products. Therefore, an additional 
distillation is necessary before converting acrolein to the desired product. On the 
other hand, acrolein is instantaneously re-utilized without further purification. 
Examples for both cases will be presented subsequently. 
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The production of 3-methylmercaptopropionaldehyde is an example for the use of 
purified acrolein as a starting material. It is an intermediate in the production of D,L-
methionine which is an essential amino acid. It is used widely as a supplement in the 
animal nutrition (especially for poultry breeding) production. Around 80 % to 90 % of 
the purified global acrolein consumption is related to the production of this amino acid. 
D,L-methionine is produced via a three step route.[23] 
 
CH3SH + O [Cat.] S O
 
Figure 18: Addition of methyl mercaptan to acrolein. 
 
In the first reaction step (Figure 18), methyl mercaptan is added to acrolein in an 
acid-base system at room temperature. 
S O S
HN
NH
O
O
+ NaCN, + NH4HCO3
- H2O, - NaOH
 
Figure 19: Hydantoin formation. 
 
Afterwards, the formed aldehyde is then converted in the presence of sodium cyanide 
and ammonium bi-carbonate at 90 °C to a hydantoin (Figure 19). 
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S
HN
NH
O
O
S
NH2
COOH+ NaOH, + NH4HCO3
- CO2, - NH3
 
Figure 20: Conversion of the hydantoin to D,L-methionine. 
 
Finally, the hydantoin is reacted with sodium hydroxide and sulfuric acid to form D,L-
methionine (Figure 20). Carbon dioxide and ammonia are eliminated. The reaction 
yields in a mixture of 50 % D- and 50 % L-methionine.[23] Acrolein is also used for the 
synthesis of methyl hydroxythiobutyric acid (MHA) which is a methionine metabolite 
and therefore has the same activity as methionine.[23] 
 
An example for the connection of acrolein production and direct re-utilization without 
former purification as feedstock is the classical production route of acrylic acid from 
propene. 
 
O
O
OH
+ O2
- H2O
+ O2
- H2O
 
Figure 21: Production of acrylic acid from propene with the intermediate acrolein. 
 
The intermediate acrolein is directly mixed with oxygen or air. Then, it is converted to 
acrylic acid in the second reaction step over catalysts based on molybdenum and 
vanadium oxides, for example. Yields above 85 % are possible.[23, 44] Acrylic acid is 
an important monomer for the production of polymers. One application is the 
polymerization to form superabsorbants which are used in diapers, as they are 
feasible to soak up huge amounts of liquids. Furthermore, it is used in the production 
of acrylates and paint dyestuffs.[23] 
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2.3 Acrylonitrile 
Acrylonitrile (ACN) is a colorless, toxic liquid with a characteristic odor. It was 
discovered by the French chemist Moureau in 1894 by the dehydration of acrylamide 
or ethylene cyanohydrin. Today, acrylonitrile is one of the most important chemical 
compounds worldwide. It is among the top 50 chemicals in the United States for 
instance.[13, 54] In 2008, the production capacity of acrylonitrile was 4.531 x 106 tons. 
The total acrylonitrile demand in 2018 is forecast at 6.516 x 106 tons which 
represents a demand growth of 3.7 % per year from 2008 to 2018.[55] 
2.3.1 Acrylonitrile Production 
It took almost 40 years until the first commercial uses of acrylonitrile were discovered 
and therefore, large-scale production processes had to be developed consequently. 
The first processes were based on ethylene oxide and hydrocyanic acid as shown in 
Figure 22. 
 
O
+ HCN
HO
CN N[Cat.]
- H2O
[Cat.]
 
Figure 22: Acrylonitrile synthesis from ethylene oxide and hydrocyanic acid. 
 
In the first reaction step, ethylene oxide and hydrocyanic acid are converted to 
ethylene cyanohydrin over basic catalysts at 60 °C. Afterwards, the dehydration to 
form acrylonitrile takes place in the liquid phase at 200 °C in the presence of alkaline 
or alkaline earth salts. The last production plants based on this technology were 
closed in the 1960s.[54, 56, 57] 
 
C CH H + HCN [Cat.]
N
 
Figure 23: Reppe Synthesis - Catalytic addition of HCN to acetylene. 
 
Another route to acrylonitrile applied by Du Pont and Monsanto for instance was 
based on acetylene and hydrocyanic acid. CuCl-NH4Cl was used as catalyst. This 
process was introduced in the 1950s and the last commercial plants were shut down 
by 1970.[13, 23] 
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Both aforementioned routes were based on comparatively expensive starting 
materials. This made the acrylonitrile production inefficient from an economic point of 
view as production processes based on cheaper starting materials like propylene 
were already developed.[13] Today, acrylonitrile production is the second largest 
propene consumer worldwide, directly after polymerization.[23] 
 
4 + 6 NO [Cat.]
N
- 6 H2O, - N2
4
 
Figure 24: Nitrosation of propylene to acrylonitrile. 
 
For example, Du Pont developed a process where propene is converted to 
acrylonitrile with nitric oxide over Ag2O/SiO2 catalysts (Figure 24).[58] This process is 
no longer in use today. However, it demonstrates the transition to the propene-based 
synthesis routes used nowadays. 
 
+ NH3 + 1.5 O2 - 3 H2O
[Cat.] N
 
Figure 25: Ammoxidation of propene to acrylonitrile. 
 
The process that has become most important in the production of ACN is the so 
called SOHIO process developed by Standard oil of Ohio (today BP) in 1959 (Figure 
25).[59] 90 % of the annual worldwide acrylonitrile production is based on this 
synthesis route nowadays.[54] In this process, propene is oxidized in the presence of 
ammonia to acrylonitrile, whereby the reaction is also referred as ammoxidation. 
The catalyst initially developed by Nippon Kayaku and further modified by SOHIO is a 
mixed oxide based on bismuth and molybdenum. The catalytic performance was 
increased step by step over the last 40 years by changing the catalyst composition 
(for example UO2-Sb2O3 mixed oxides) and adding transitions metals such as Fe, Ni, 
Co and V.[13] 
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The process flow chart is depicted in Figure 26.  
 
 
Figure 26: Scheme of the SOHIO process - a) Fluidized bed reactor; b) Absorber column; c) 
Extractive distillation column; d) Acetonitrile stripping column; e) Lights fractionation column; 
f) Product column.[21] 
 
The reaction is carried out in a fluidized bed reactor since it is highly exothermic. 
Therefore, water is pumped through pipes in the reactor to recover the heat of the 
reaction for the production of steam. Approximately stoichiometric amounts of 
propene, ammonia and air are injected into the reactor (a) at 400 °C to 500 °C and a 
pressure between 0.3 bar to 2 bars.[21, 54] Afterwards, the process gases are led into 
an absorber (b) where they are quenched with water and the non-converted 
ammonia is neutralized with an acid (for example sulfuric acid). Thereafter, 
acrylonitrile is separated from the byproducts HCN and acetonitrile in several 
subsequent rectification columns (c - f). 
Besides the SOHIO process, several modified ammoxidation processes have been 
developed. Examples are the BP-Ugine two-step process over Se/CuO and MoO3 
catalysts or the Montedison process based on catalysts containing Te-, Ce- and Mo-
oxides on silica.[23] Another process starting from propene was applied by Produits 
Chimiques Ugine Kuhlmann until the 1980s. In this process a mixture of propene, 
oxygen and ammonia is converted over an antimony tin mixed oxide catalyst.[60] 
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Furthermore, Asahi Kasei in Korea commercialized the first production process of 
ACN from propane with an annual production of 70.000 tons of acrylonitrile.[61] 
2.3.2 Uses of Acrylonitrile 
Acrylonitrile is mainly used for the production of polymers. Among all uses, the 
production of acrylic fibers is still the major outlet. Acrylic fibers are usually divided 
into two groups depending on the polyacrylonitrile content. 
CH2 CH
C N
n
CH2 C
CH3
C
O
CH3
O
CH2 CH
Cl
m
m
CH2 CH
C N
n
CH2 CH
C N
n + PVC
+ PM
MA
 
Figure 27: Production of acrylics (+PMMA) and modacrylics (+PVC) from polyacrylonitrile. 
 
Acrylic fibers with a polyacrylonitrile content of at least 85 wt.-% are called acrylics, 
whereas fibers with 35 wt.-% to 85 wt.-% polyacrylonitrile are referred as modacrylics. 
Two examples are shown in Figure 27. Acrylics are made from polyacrylonitrile and 
for example polymethylmethacrylate (PMMA). They are used in the apparel 
production mainly. Polyvinylchloride is a possible component of modacrlyics. They 
are also applied in the productions of clothing textiles. However, modacrylic fibers 
leak of their low flammability.[62, 63] Acrylic fibers consume approximately 57 % of the 
acrylonitrile produced worldwide.[64] 
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Another application of acrylonitrile is the production of acrylonitrile butadiene styrene 
(ABS) and styrene acrylonitrile (SAN) resins. ABS and SAN resins are the fastest 
growing uses of ACN as displayed in Figure 28.  
 
 
Figure 28: Supply and demand of ABS/SAN resins until 2018.[55] 
 
The majority of ABS and SAN resins are consumed in Asia in our days. It is predicted 
that the demand for ABS/SAN in Asia will almost double from 4.000.000 tons today to 
8.000.000 tons in 2018.[55] 
ABS resins are used in the electronic industry in housings of televisions or 
telephones. Furthermore, they more and more replace traditional materials used for 
packaging or automotive components. Due to their high clarity, SAN resins are used 
as substitutes for glass in automobile instrument panels for instance.[13] 
Basic Knowledge 
 23 
The third largest consumer of acrylonitrile is the adiponitrile production by electro 
dimerization depicted in Figure 29. 
 
2
N
N
N
+ H2O
- 0.5 O2
 
Figure 29: Synthesis of adiponitrile from acrylonitrile. 
 
Acrylonitrile is converted in an electrochemical process developed by Monsanto in 
1965.[21] Adiponitrile is a starting material for the synthesis of hexamethylenediamine 
(HMDA), which is a precursor for nylon-6,6.[13] 
Less important uses of acrylonitrile are the production of acrylamide which is used as 
a flocculant to separate solids from wastewater streams, or again the synthesis of 
nitrile rubbers (gloves) which find applications where oil resistance and low 
temperature flexibility is necessary.[54] 
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3 Scientific State of the Art 
3.1 Direct Ammoxidation of Glycerol 
The direct conversion of glycerol to acrylonitrile in one reaction step has been rarely 
studied up to now. Only few publications and patents are available on this specific 
reaction. 
The first published reference is a patent by Dubois from Arkema which was filed in 
beginning of 2008.[65] They claim the direct conversion of glycerol to ACN as well as 
the indirect route via the intermediate acrolein. For the direct conversion of glycerol to 
acrylonitrile, they suggest to inject a pure or aqueous solution of glycerol (10 wt.% 
minimum concentration) into a reactor at a reaction temperature between 280 °C and 
550 °C at atmospheric or elevated pressure (up to 5 bar). The ammonia/glycerol 
molar ratio can vary between 1 and 1.5, whereas the oxygen/glycerol ratio may be 
chosen between 0.5 and 10. The catalyst used for the ammoxidation may contain 
one or more mixed oxides constituted of Mo, Bi, Fe, Sb, Sn, V, W, Zr, Ti, Cr, Ni, Al, P 
or Ga. Furthermore, the catalyst has to be selected wisely in order to avoid that the 
acidic centers of the catalyst are blocked by ammonia at the reaction temperature. 
However, no practical example of the one-step glycerol ammoxidation is given in the 
patent. Thus, no information about glycerol conversion and acrylonitrile selectivity is 
indicated. 
 
Bañares et al. published their results of the one-step conversion of glycerol with 
oxygen and ammonia in 2008 as well.[66] They used alumina-supported catalysts that 
contained vanadium, antimony and niobium. 
The experiments were conducted in a continuous fixed bed reactor made of quartz at 
400 °C in gaseous phase. A catalyst amount of 50 mg was placed in the reactor. The 
pure glycerol flow rate was adjusted to 30 mL/h and the feed consisted of 25 % O2 
and 8.6 % NH3 which leads to very short contact times of less than 0.01 seconds. 
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Table 3: Glycerol conversion and selectivity to main products.[66] 
Catalyst Conv. [%] Selectivity [%] 
1,2-propanediol acetonitrile propanal acrolein acrylonitrile 
Sb/Al 10 28 19 14 29 1 
Nb/Al 16 29 2 35 27 1 
V/Al 87 27 1 54 7 - 
VSb/Al 72 6 1 4 29 56 
VSbNb/Al 83 7 1 2 26 58 
 
As depicted in Table 3, the supported Sb and Nb oxide catalysts showed the lowest 
activity and almost no selectivity towards the desired product ACN. In contrast, the 
vanadium containing catalysts showed the highest glycerol conversion of all tested 
samples. While the supported vanadium catalyst is not selective towards ACN at all, 
the addition of Sb and Nb favored the formation of ACN giving selectivities above 
50 %. The authors claimed the VSbO4 as well as V-Nb-O mixed phases to be the 
active species for the direct ammoxidation of glycerol. Bañares et al. concluded that 
the V-species are necessary to achieve good catalytic activity whereas the Sb- and 
Nb-sites are responsible for the modulation of the selectivity towards acrylonitrile. 
Accordingly, Sb-sites are required to form the C-N triple bond and Nb-sites increase 
the acidity of the catalyst which leads to an increased NH3 activation. 
However, it has to be mentioned that it was not possible to reproduce the 
aforementioned results. The experiments under the reaction parameters stated by 
Bañares et al. resulted in full conversion of glycerol and only traces of acrylonitrile. 
 
The same authors further published in 2010 on the batchwise microwave-activated 
direct synthesis of acrylonitrile from glycerol in liquid phase at 100 °C.[67] The reaction 
is carried out using hydrogen peroxide as oxidizing agent instead of gaseous oxygen. 
No additional solvent was used. From the blank experiments (no catalyst was added 
to the reactants) one can see that the microwave irradiation activates glycerol to form 
acrolein with high selectivity (higher than 80 %) whereas only traces of acrolein were 
obtained in a blank test with a conventional oil-bath heating. Furthermore, catalytic 
experiments indicated that the glycerol conversion as well as the selectivity towards 
the desired product acrylonitrile over a SbV mixed oxide is considerably higher for the 
setup equipped with the microwave-heater.  
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Therefore, further catalysts were screened in the microwave equipment. The tested 
catalysts were similar to the ones studied by Bañares et al. in 2008.[66] The supported 
SbV mixed oxide showed the best performance in the batch reactor (47 % glycerol 
conversion and 84 % selectivity towards ACN). On the other hand, the SbVNb mixed 
oxide, which initially exhibited the highest yield in ACN in the continuous fixed bed 
reactor, showed significantly lower performance when using the microwave 
equipment. The Nb doping caused an increase in acrolein and 1,2-propanediol 
selectivity whereas the selectivity towards ACN dropped. The authors concluded that 
the detrimental effect of the Nb doping is due to an interaction of the niobium and 
antimony species which is activated by the microwave irradiation. Furthermore, the 
authors once again claimed that the VSbO4 phase is desirable in the direct 
ammoxidation of glycerol to acrylonitrile. 
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3.2 Indirect Ammoxidation of Glycerol via Acrolein 
The indirect ammoxidation of glycerol via the intermediate acrolein as depicted in 
Figure 30, has been published rarely, just like the direct ammoxidation route. As 
already mentioned in section 3.1, Dubois et al. filed a patent for Arkema in 2008 
claiming both reaction routes.[65] 
 
- 2 H2O - 2 H2OOH
OH
HO
O
N+ NH3 + 0.5 O2
 
Figure 30: Indirect ammoxidation of glycerol into acrylonitrile via the intermediate acrolein. 
 
The example of the indirect glycerol conversion given in this patent comprises a 
dehydration of a 20 wt.% aqueous glycerol solution over 10 mL of a 9.3 wt.% 
WO3/ZrO2 catalyst, as developed by Hoelderich et al.[16], at 300 °C in the presence of 
oxygen in a fixed bed reactor. The contact time is 2.9 seconds and the feed ratio of 
O2, glycerol and water is 6/4.5/89.5. A yield of 55 % in acrolein is obtained. 
Afterwards, the product mixture from the first step is purified in order to reduce the 
amount of water. Thereafter, the mixture is fed to the second fixed bed reactor at 
420 °C that is loaded with 6.578 g of a commercial catalyst supplied by Nippon 
Shokubai. No further information of the constitution of the catalyst is presented. The 
feed to the second reactor contains 4.5 % acrolein, 8.7 % O2, 5.4 % NH3, 15 % water 
and 66.4 % helium/krypton mixture. Hence, the water content was decreased 
significantly compared to almost 90 % injected into the first reactor. The remainder of 
the feed is a helium/krypton inert gas mixture. A total yield in ACN of 60 % is 
achieved in this process. 
Although both reaction steps (especially the dehydration of glycerol) have been 
studied as independent reactions for a long time, no further publications or patents on 
the two step conversion of glycerol into acrylonitrile are available to date. Therefore, 
the scientific state of the art for each reaction step will be presented subsequently.  
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3.2.1 Step I: Dehydration of Glycerol 
Several other catalytic systems are known to show good performance in the 
dehydration of glycerol in the gas phase. They are either based on zeolites [68], 
zirconia [16], heteropolyacids [41], mixed oxides [69] or titania [15, 50]. Due to the 
extensive research on the dehydration of glycerol over the last decade, the aim of 
this subchapter will be to give a general overview of the developments over the last 
five years. More details can be found in recent reviews on the subject.[8, 70] 
 
One of the best performances reported for the gas phase dehydration of glycerol to 
acrolein was obtained by Deleplanque et al.[69] They studied the dehydration over iron 
phosphates which were prepared by different synthesis methods. The reaction was 
carried out at 280 °C for 5 hours and the highest yield in acrolein (92 %) was 
observed for a FePO4 prepared by hydrothermal synthesis. However, in long term 
experiments a significant decrease in catalytic activity occurred which was related to 
an increasing carbon deposit formation with time on stream. Adding oxygen to the 
reactant feed decreased the progress of deactivation. Oxygen co-feed also had a 
positive effect on the selectivity to by-products, as for example the formation of 
hydroxyacetone was inhibited. 
 
Tsukuda et al. published their studies on the dehydration of glycerol over supported 
heteropoly acids in 2007.[71] Silicotungstic acid on silica support showed the best 
performance with a yield in acrolein of 85 % at 275 °C. This result was obtained after 
5 hours time on stream. 
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In a patent filed by Redlingshoefer et al. from Evonik Degussa GmbH in 2008, the 
dehydration of glycerol into acrolein over solid acid catalysts based on tungsten with 
further promoters is claimed.[72] The highest acrolein selectivity (79 %) was obtained 
over tungstic acid at 260 °C reaction temperature and full glycerol conversion after 5 
hours on stream. Tungstic acid doped with 1 wt.% Pd was used as a catalyst in 
another test which resulted in a slightly lower acrolein selectivity (77 %) at the same 
conversion level as for untreated H2WO4. However, the glycerol conversion dropped 
considerably in both cases after the first 5 hours on stream leading consequently to a 
decrease in acrolein yield. The deactivation was caused by coke formation on the 
catalyst surface. Therefore, both catalysts were treated in a flow of hydrogen at 
elevated temperature (350 °C) for 10 hours. After this treatment, glycerol conversion 
reached its initial value for both catalysts but started decreasing with time on stream 
again. However, the glycerol conversion for the Pd doped H2WO4 catalyst decreased 
more slowly compared to the pure tungstic acid. 
 
A similar effect of Pd doping was reported by Alhanash et al. who published a paper 
in 2010 dealing with the gas phase dehydration of glycerol to acrolein catalyzed by 
caesium heteropolysalts.[73] In experiments with caesium 12-tungstophosphate 
(CsPW), they observed a significant deactivation of CsPW with time on stream. They 
report 98 % yield in the first hour time on stream which dropped to 39 % after 5 hours 
time on stream. After doping the heteropolysalt with 0.5 % Pd and co-feeding H2, the 
glycerol conversion was stabilized. The best result (76 % yield in acrolein) was 
achieved at 275 °C and after 5 hours time on stream. 
 
In 2008, Atia et al. published their investigation of the use of silicotungstic acid 
supported on aluminosilicate (Siral) as a catalyst for the dehydration of glycerol.[74] 
The maximum yield in acrolein was 75 % at 275 °C. They also studied the stability of 
the catalyst long term tests of up to 300 hours on stream. Whereas the selectivity 
towards acrolein remains almost stable over the complete experiment, the conversion 
rate decreases linearly from 100 % to 70 %. After regenerating the catalyst for 24 
hours in a stream of nitrogen (99 %) and oxygen (1 %) at 325 °C, the glycerol 
conversion reached 100 % again. 
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Katryniok et al. also studied the aforementioned silicotungstic acid supported on 
silica.[41] By using a zirconia-grafted (20 wt.%) SBA-15 as support for the 
silicotungstic acid, they were able to remarkably increase the catalytic stability. ZrO2 
is known to increase the long-term stability of the catalyst.[71, 74, 75] By combining this 
ability with the properties of the silicotungstic acid supported on silica, they were able 
to obtain 71 % yield in acrolein after 5 hours on stream and 69 % yield in the desired 
product after 24 hours on stream at 275 °C.  
The drawback of the addition of ZrO2 is the change in the acidic character of the 
catalyst (Lewis acidic character is introduced by bare ZrO2) which leads to a higher 
by-product formation (mainly hydroxyacetone). Therefore, the zirconia amount has to 
be selected advisedly. 
 
The glycerol dehydration over rare earth pyrophosphates was reported by Liu et al. in 
2008.[76] The authors were able to achieve yields up to 70 % towards the desired 
product acrolein over several rare earth pyrophosphates as for example Nd4(P2O7)3 
or Sm4(P2O7)3. The experiments were carried out at 320 °C for 8 hours. 
 
Hoelderich et al. investigated the dehydration of glycerol into acrolein over tungstated 
zirconia catalysts.[16] The outstanding properties of the WO3/ZrO2 system were firstly 
patented in collaboration between Arkema and the group of Hoelderich in 2005.[18-20] 
The best performance observed was 88.7 % glycerol conversion and 72.1 % 
selectivity towards acrolein at 280 °C after 8 hours on stream. Hoelderich et al. 
showed that the addition of oxygen reduces the formation of undesired by-product as 
for example hydroxyacetone. Furthermore, it was reported that the acrolein selectivity 
correlates with the presence of weak acidic sites. It was observed that the number of 
weak acidic sites of the WO3/ZrO2 system depends on the calcination conditions. 
 
The dehydration of glycerol over HZSM-5 zeolites was studied by Jia et al. and 
published in 2010.[68] They achieved a yield in acrolein of 60 % at 320 °C. The results 
are stable for 10 hours on stream. After 10 hours, the glycerol conversion starts 
decreasing and reaches a value of approximately 80 % after 24 hours reaction time. 
In contrast, the acrolein selectivity increases to 70 %. Jia et al. also investigated the 
dehydration of crude glycerol (80 % purity) over the same catalyst which was 
obtained in transesterification reaction for FAME production. 
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The selectivity to acrolein in this experiment was similar to the one obtained with 
synthetic glycerol but the glycerol conversion dropped significantly from 100 % after 2 
hours on stream to approximately 75 % after 5 hours on stream. These results are 
interesting as it is desirable to find a catalytic system which is capable in giving good 
acrolein yields starting from crude glycerol as it would save costs of the - so far - 
necessary crude glycerol purification. 
 
Finally, the results obtained by a former co-worker in the group of Hoelderich dealing 
with the dehydration of glycerol over WO3/TiO2 catalysts will be presented.[15, 50] A 
selectivity of 74 % in the desired product acrolein was obtained at almost full glycerol 
conversion (98 %) at 280 °C after 8 hours on stream over a 13.9 wt.% WO3/TiO2 
catalyst. One advantage of the TiO2 support compared to the ZrO2 support 
mentioned before is the absence of basic sites. Basic sites have been found to cause 
increased selectivity in hydroxyacetone which is an undesired by-product.[16] The 
positive effect of additional oxygen feed in terms of suppressed by-product formation 
is reported as well. Furthermore, the long-term stability of the catalytic system was 
increased by the addition of oxygen. 
Another advantage of the WO3/TiO2 system is the comparatively low price of TiO2 
carriers in comparison to other catalysts such as WO3/ZrO2 or pure heteropolyacids. 
Therefore, it was decided to use this catalyst for the dehydration of glycerol into 
acrolein in this project. 
Scientific State of the Art 
 32 
3.2.1.1 Intermediate Conclusion for the Dehydration of Glycerol 
The aforementioned results obtained for the gas phase dehydration of glycerol to 
acrolein over the past 5 years are summarized in 
 
Table 4. 
 
Table 4: Catalytic performance for the gas phase dehydration of glycerol over different 
catalytic systems. 
Active phase Support T 
[°C] 
TOS 
[h] 
Glycerol 
conversion 
Acrolein 
selectivity 
O2  
Co-feed 
Feed 
information 
Ref. 
FePO4 - 280 5 100.0 92.1 yes 6001 [69] 
30 % H4SiW12O40 SiO2 275 5 98.3 86.2 no 0.5872 [71] 
H2WO4 - 260 5 100.0 79.0 no 2.43 [72] 
H2WO4 + 1 % Pd - 260 5 100.0 77.0 no 2.43 [72] 
0.5 % Pd/CsPW - 275 5 79.0 96.0 no 2.82 [73] 
20 % H4SiW12O40 AS44 275 n.a. 100.0 75.0 no 0.5742 [74] 
13.9 % WO3 TiO2 280 8 98.0 74.0 yes 0.363 [15, 50] 
20 % STA ZrO2/SBA-
15 
275 5 96.0 74.0 no 0.183 [41] 
Nd4(P2O7)3 - 320 8 87.2 79.9 no 2271 [76] 
Sm4(P2O7)3 - 320 8 89.7 77.8 no 2271 [76] 
Gd4(P2O7)3 - 320 8 88.2 78.9 no 2271 [76] 
Er4(P2O7)3 - 320 8 86.7 79.7 no 2271 [76] 
15.43 % WO3 ZrO2 280 8 88.7 72.1 yes 0.373 [16] 
HZSM-5 - 320 10 100.0 60.0 no 1551 [68] 
1: GHSV [h-1]; 2: WHSV [h-1]; 3: contact time [s]; 4: AS4 stands for aluminosilicate 
 
With respect to the results summarized in Table 4 we can conclude that a variety of 
catalytic systems can be used for the dehydration of glycerol. However, all catalysts 
suffer from relatively fast deactivation. Different methods were applied to overcome 
this drawback. For example, Hoelderich and Deleplanque state that the deactivation 
was reduced by co-feeding oxygen.[15, 50, 69] Another approach was reported in a 
patent by Redlingshoefer et al. from Evonik Degussa GmbH. They regenerated the 
spent H2WO4 catalyst for 10 hours at elevated temperature in a flow of hydrogen and 
were able to reach the initial performance of the catalyst in a subsequent 
experiment.[72] Nevertheless, as oxygen is a necessary reactant for the second 
reaction step of the indirect ammoxidation of glycerol (step II: ammoxidation of 
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acrolein from the dehydration step), it was decided to use an oxygen co-feed to 
suppress the deactivation of the dehydration catalyst also in this work. 
Consequently, it was decided to use the WO3/TiO2 system which was developed in 
our group in Aachen for the dehydration of glycerol. It exhibited outstanding 
performance combined with a good long term stability due to the co-feed of oxygen. 
Furthermore, it is an easy to prepare catalyst whose starting materials are of 
comparatively low price.[15, 50] 
3.2.2 Step II: Ammoxidation of Acrolein 
The ammoxidation of acrolein into acrylonitrile has been studied since the middle of 
the 20th century. However, literature dealing with this reaction can be found only until 
the middle of the 70s of the last century. This is most likely due to the very efficient 
production of ACN from propene as explained in section 2.3.1 which became popular 
in the beginning of the 1960s. Consequently, research on the conversion of acrolein - 
that is mainly produced from propylene as well - into acrylonitrile became unpopular. 
The literature on the ammoxidation of acrolein can be divided into reactions with or 
without water. Water will be a main compound of the feed to the ammoxidation 
reactor. It will be used as a diluent for the first reaction step and furthermore, 2 moles 
of water will be synthesized per mole of acrolein in the dehydration of glycerol. 
However, literature discussing the ammoxidation of acrolein in the presence of water 
is rarely available. 
 
One of the first patents claiming the production of unsaturated nitriles from 
unsaturated aldehydes was filed in 1946 by Wagner of Phillips Petroleum Company 
(today known as ConoccoPhillips).[77] They used alumina supported chromium oxide 
catalysts (30 wt.% Cr2O3 on Al2O3) in a fixed bed reactor at 510 °C. Short contact 
times of 0.5 seconds were applied in order to inhibit decomposition or polymerization 
of the product. The ammonia/acrolein ratio was 2 and no oxygen was added during 
the reaction. This leads to the formation of 1 mole water and 1 mole H2 per mole 
acrylonitrile as depicted in Figure 31. 
 
O N+ NH3
- H2O, - H2  
Figure 31: Synthesis of acrylonitrile from acrolein without addition of oxygen. 
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No clear information on the achieved selectivity towards acrylonitrile is given. The 
yield towards the desired product is simply described as “good” which makes it 
impossible to compare the catalytic performance of the described supported Cr2O3 
with other catalytic systems. However, it can be noted that the synthesis of 
acrylonitrile over Cr2O3/Al2O3 catalysts is feasible.  
 
Bellringer et al. of Distillers Company Limited applied for a patent in 1951 where they 
claim the reaction of α, β-unsaturated aliphatic aldehydes with NH3 and O2 to form α, 
β-unsaturated aliphatic nitriles in the vapor phase.[78] They list several metals as 
possible compounds of catalysts used for the ammoxidation of acrolein (e.g. Cr, V, 
Mn, Fe, Mo, Sn, Bi or U). Furthermore, it is stated that the catalysts may be 
supported on for example silica in order to decrease the expensive metal content of 
the catalyst. It is described that besides the reactants ammonia, oxygen and acrolein, 
diluents like nitrogen, carbon dioxide and steam can be used to decrease the 
concentration of the organic compound. Moreover, the diluents are necessary to 
guarantee that the reaction takes place outside of the explosive range and a high 
diluent content has also a positive effect on the catalyst stability. However, no 
example is presented where water was added to the feed. 
Due to the fact that unreacted acrolein as well as the desired product acrylonitrile 
tends to react with non-converted ammonia, it is described that the process gases 
need to be condensed as quickly as possible after leaving the reactor. Therefore, it is 
suggested to quench the gases in an acidic solution (e.g. H2SO4 in water). At the 
same time, the temperature of the gases must be maintained at at least 120 °C until 
entering the cooling system to avoid the formation of solid residues caused by the 
condensation of unreacted acrolein in the connection between reactor and cooling 
system. 
The best yields in acrylonitrile presented in this patent were obtained over Mo-based 
catalysts. In a first example, pure MoO3 is used in a fixed bed reactor at catalyst bed 
temperatures from 365 °C to 405 °C, an ammonia/acrolein ratio of 1.1 at a contact 
time of 2.7 seconds which resulted in 81.5 % yield in ACN. Another experiment 
showed the ammoxidation of acrolein over MoO3 supported on silica. The reaction 
temperature was slightly lower and the contact time was almost doubled. 
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Nevertheless, a yield of 77.2 % in acrylonitrile was obtained. In both cases, air was 
used in order to provide the necessary oxygen as well as the diluent nitrogen. 
In another patent by Hadley et al. of The Distillers Company Limited, the inventors 
claim the ammoxidation of acrolein into acrylonitrile over slightly different catalysts.[79] 
In this case, the used catalysts are alumina supported Mo oxides with Na, K and P as 
dopants. The ammoxidation was carried out in a fixed bed reactor at 380 °C with an 
ammonia/acrolein ratio of 1.2. The necessary oxygen was provided by adding an air 
stream which resulted in an air acrolein ratio of 47.8. The residence time added up to 
2 seconds. 
In an experiment over a KNaMoP/Al2O3 catalyst, acrylonitrile was obtained with a 
yield of 78 %. A NaMo/Al2O3 showed under same reaction conditions marginally 
higher yield into ACN (80 %). 
 
A third patent filed by Wood et al. of The Distillers Company Limited in 1959 deals 
with the ammoxidation of acrolein over mixed oxides of antimony and tin.[80] The 
reactor system is identical to the one described in another patent by The Distillers 
Company Limited.[78] However, the process conditions are slightly different. The 
reaction temperature was 421 °C, the ammonia/acrolein ratio 1.5 and the air/acrolein 
ratio 43.5. Those conditions led to a yield of 74.3 % over an antimony tin mixed oxide. 
As already mentioned in an earlier patent by The Distillers Company Limited [78], 
water is suggested to be used as a diluent (up to 60 vol.% of the feed). Again, no 
practical example is given where water is added as a diluent. Therefore, no 
information on the influence of water on the described catalytic system is obtained. 
 
In 1963, Vanderborght et al. of UCB (Union Chimique Belge) filed a patent claiming 
the production of unsaturated nitriles over arsenic based catalysts.[81] In an 
experiment with an AsFe mixed oxide catalyst, a yield of 87.1 % was obtained in a 
fixed bed reactor at 400 °C and a contact time of 1.2 seconds. The feed to the 
reactor contained 8.3 times more moles of water than acrolein. The side-products of 
the reaction were identified to be CO, CO2 and HCN. 
In an experiment with the same catalyst in the absence of water and slightly different 
reaction parameters (TReact = 380 °C, 0.5 seconds contact time), the yield in 
acrylonitrile was higher than 90 %. The best result was observed over an AsFeCo 
mixed oxide at 350 °C and 0.5 seconds contact time. The selectivity towards ACN 
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was 94.5 % with total conversion of acrolein. However, this experiment was also 
carried out in the absence of water in the feed. 
In spite of the aforementioned remarkable results, arsenic-based catalysts are fairly 
uninteresting for the application in a commercial process due to their high toxicity and 
possible As sublimation out of the catalyst. 
3.2.2.1 Mechanism and Kinetics 
Possible reaction mechanisms as well as the kinetics of the ammoxidation of acrolein 
will be discussed in this section. 
Cathala et al. studied the ammoxidation of acrolein over bismuth molybdenum mixed 
oxides in 1970.[82] They carried out the experiments in a fixed bed reactor setup at 
460 °C. The acrolein/ammonia ratio was 2.4 and the air/acrolein ratio was regulated 
to 46. They were able to obtain 83 % selectivity towards ACN at 90 % conversion of 
acrolein. At low conversions, selectivities of up to 87 % are reported. 
CO, CO2, HCN, C2H4 and CH3CN were identified as by-products of the ammoxidation 
of acrolein over BiMoO catalysts. These by-products were not detected at low 
conversion levels except for CO and CO2.  
Blank experiments (no catalyst in the reactor) revealed an acrolein conversion of 
50 % and 91 % selectivity in carbon oxides, 7 % in ethylene and still 2 % in 
acrylonitrile. Therefore, it was concluded that the presence of these by-products in 
catalytic tests is due to the thermal activation of acrolein. Nevertheless, the total 
selectivity in other products than ACN is limited to small extend, as high yields in 
ACN were recorded. 
Furthermore, the authors compared the ammoxidation of acrolein and propene. They 
report that the productivity of the BiMoO catalyst for the ammoxidation of acrolein 
was 56.6 mmol/(g h). In contrast, the productivity observed for the ammoxidation of 
propene over the same catalyst was 6.9 mmol/(g h). Thus, a significant difference is 
noticeable which proves that the ammoxidation of acrolein is much more rapid from a 
kinetically point of view. Finally, it was observed that the selectivity towards 
acrylonitrile is higher when acrolein is used as starting material instead of propene. 
 
Callahan et al. investigated the ammoxidation of propene and acrolein in order to 
determine whether acrolein is synthesized as an intermediate during the 
ammoxidation of propene.[83] They state that they used a well-known oxidation 
catalyst - a BiMoP mixed oxide - for the conversion of propene into acrolein and 
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added ammonia and oxygen to the feed. The reaction was carried out at 470 °C in a 
fixed bed reactor. 65 % yield in acrylonitrile from propene was obtained with CO, CO2, 
HCN and CH3CN as by-products. The investigation of the reaction mechanism 
revealed that acrylonitrile is synthesized via two different routes shown in Figure 32. 
 
N
O
(1)
(2) (2)
 
Figure 32: Reaction scheme of ammoxidation of propene proposed by Callahan et al.[83] 
 
The figure depicts that acrylonitrile can be either directly synthesized from propene (1) 
or via the intermediate acrolein (2). However, Callahan et al. showed that acrylonitrile 
is almost exclusively synthesized following route (1) (> 90 %) and not by a 
mechanism where acrolein can be isolated as a vapor phase intermediate. 
Nevertheless, the experiments confirmed that the ammoxidation of acrolein is two 
times faster than the ammoxidation of propene. 
 
The motivation of Oka et al. to study the ammoxidation of acrolein was to investigate 
the kinetics of the reaction and to compare them with those of propene.[84] The 
reaction was carried out in a fixed bed reactor at 310 °C to 380 °C. The used catalytic 
system was a FeBiPO mixed oxide with the molar Fe/Bi/P composition of 
44.5/44.5/11. The highest yield in acrylonitrile (44 %) was obtained at 380 °C with 
very high excess of NH3 (NH3/AC 7.6) and O2 (O2/AC 17.6). The water/acrolein ratio 
for this experiment was 14.5. In comparison with the ACN yields reported for the 
ammoxidation of acrolein in absence of water, this value is clearly worse. However, it 
is not possible to attribute the comparatively low yield to the presence of water, as no 
publication is available where a similar catalyst was tested without the addition of 
water to the feed. The main by-products of the reaction were carbon dioxide and 
acetonitrile. The selectivity towards carbon monoxide was negligibly small. 
Scientific State of the Art 
 38 
The study of the reaction mechanism revealed that the ammoxidation of acrolein over 
a FeBiPO catalyst follows the same mechanism than the one proposed by Hadley.[85] 
 
O NH N+ NH3 + O2
- H2O - H2O  
Figure 33: Proposed reaction mechanism for the ammoxidation of acrolein. 
 
As displayed in Figure 33, acrolein is firstly converted into an imine. Afterwards, the 
imine reacts with oxygen to form the final product acrylonitrile. The authors report that 
the first reaction step is very rapid and therefore, the second reaction step is the 
overall rate determining step. They confirmed this suggestion, as they were able to 
show that the selectivity towards ACN improves with an increasing O2 concentration. 
With higher O2 concentration in the feed, the availability of active oxygen at the 
surface of the catalyst increases also, leading to a higher selectivity towards 
acrylonitrile. Furthermore, the authors were able to prove that the ammoxidation of 
acrolein is a lot quicker than the ammoxidation of propene. They determined that the 
conversion of AC occurs approximately 1000 times faster than the conversion of 
propene under the same reaction conditions. 
 
Another possible reaction mechanism for the ammoxidation of acrolein may include 
the intermediate acrylic acid as depicted in Figure 34. The oxidation of acrolein over 
mixed oxide catalysts containing for example molybdenum, vanadium or antimony is 
well known in the literature under similar reaction conditions except the presence of 
ammonia.[86-88] Therefore, it may be possible that acrolein is oxidized in a first step to 
acrylic acid which immediately reacts with ammonia to form the nitrile. But no article 
proposing this mechanism has been published up to now. 
 
O N+ NH3+ 0.5 O2
- 2 H2O
O
OH  
Figure 34: Reaction mechanism via the intermediate acrylic acid 
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3.2.2.2 Intermediate Conclusion for the Ammoxidation of Acrolein 
The parameters and results for the different catalytic systems mentioned in the 
previous section are summarized in Table 5. 
 
Table 5: Catalytic performance observed for the ammoxidation of acrolein. 
Catalyst NH3/AC Air/AC1 
O2/AC2 
H2O/AC TReact 
[°C] 
τ 
 
[s] 
YACN3 
[%] 
By-products Ref
. 
Cr2O3/Al2O3 2 - - 510 0.5 “good” - [77] 
MoO3 1.1 41.61 - 365 - 405 2.7 81.5 - [78] 
MoO3/SiO2 1.2 1911 - 334 - 359 5 77.2 - [78] 
KNaMoP/Al2O3 1.2 47.81 - 380 2 78.0 HCN, CO2 [79] 
NaMo/Al2O3 1.2 47.81 - 380 2 80.0 HCN, CO2 [79] 
SbSnO 1.5 43.51 - 421 - 74.3 HCN, CO2 [80] 
BiMoO 2.4 461 - 460 - 75.0 CO, CO2, 
HCN, C2H4, 
CH3CN 
[82] 
FeBiPO 7.6 17.62 14.5 380 0.7 44.0 CO2, 
CH3CN 
[84] 
AsFeO 1.5 14.11 8.3 400 1.2 87.1 CO, CO2, 
HCN 
[81] 
3 The selectivity and conversion cannot be presented as the information is not available for all 
catalysts. 
 
The results presented in Table 5 prove that several different catalytic compounds (Sb, 
Fe, Mo oxides) can be applied to obtain good performances in the ammoxidation of 
acrolein. Antimony vanadium mixed oxides, which were used in the direct 
ammoxidation of glycerol (cf. section 3.1), may be a favorable catalyst for the 
ammoxidation of acrolein as well. It is one of few catalytic systems which was already 
tested in an ammoxidation in the presence of water.[66] Due to the necessity to dilute 
glycerol in water in order to ensure good evaporation and to be able to pump it 
properly, steam will be a major component of the feed to the second reaction step in 
the indirect ammoxidation of glycerol. Even though the best reported performance 
was obtained over an AsFeO catalyst, arsenic containing catalysts were not studied 
in this work due to their high toxicity. 
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In terms of reaction conditions it can be concluded that the reaction temperature 
should be selected in the range of 350 °C to 450 °C. Short contact times (0.5 s to 5 s) 
may be applied to inhibit a decomposition of acrylonitrile into carbon oxides. Two 
additional key reaction parameters are the NH3/AC and O2/AC ratio. The NH3/AC 
ratio varied between 1 and 1.5 for the best reported yields in ACN. Finally, an excess 
of oxygen should be used. O2/AC ratios of up to 10 are known in literature. 
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4 Results and Discussion 
4.1 Dehydration of Glycerol 
As explained before, it was decided to carry out the dehydration of glycerol in the 
same way as Ulgen et al. did.[15] Therefore, the reproducibility of the results was 
investigated. Furthermore, different preparation methods for the titania-supported 
WO3 catalysts were studied. 
4.1.1 Reactor Setup 
The continuous dehydration of glycerol into acrolein in gaseous phase was carried 
out in a reactor system made of stainless steel. The schematic reactor setup is 
depicted in Figure 35. 
 
 
Figure 35: Schematics of the reactor setup for the dehydration of glycerol. 
 
The glycerol feed (20 wt.% in water) is pumped (P1) and vaporized in the pre-heater 
(W1) before it is mixed with the oxygen feed. Oxygen is injected in order to inhibit 
catalyst deactivation as well as reduce by-product formation. Thereafter, the gases 
are led to the coil reactor (C1, length = 70 cm, inner diameter = 0.6 cm) in the oven. 
After leaving the reactor, the product gases are collected and condensed in a double-
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jacketed separating funnel (B1) which is connected to a cryostat (W3) in order to 
maintain a temperature of -5 °C. A second pump (P2) is installed to clean the reactor 
setup after each experiment with a solvent. Furthermore, a nitrogen feed is 
connected to the setup in order to dry the setup after the cleaning procedure. 
All liquids are pumped using diaphragm pumps (Fink or Telab). The flow rate of the 
gaseous reactants is controlled with mass-flow controllers (Brooks). The 
temperatures of the different heaters are controlled with temperature PID regulators 
(Eurotherm). 
The reactor was usually filled with granulated catalysts with a particle size of 0.5 -
 1 mm. In order to maintain the catalyst inside the reactor, a wire mesh was placed at 
the exit of the reactor. The experiment runtime was typically four hours. 
 
The reaction conditions used for the dehydration of glycerol are summarized in Table 
6. 
 
Table 6: Reaction conditions for the dehydration of glycerol. 
Parameter Value 
Evaporator temperature 280 °C 
Reaction temperature 280 °C 
Composition glycerol feed 20 wt.% in water 
Glycerol flow rate 23 g/h 
O2 flow rate 11.33 mL/min 
Catalyst amount 5 g 
Residence Time 0.36 s 
Pressure Atmospheric 
 
A picture of the reactor setup used for the dehydration of glycerol is displayed in 
Figure 36. 
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Figure 36: Picture of the reactor setup for the dehydration of glycerol. 
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4.1.2 Characterization 
The WO3/TiO2 catalysts used for the dehydration of glycerol were prepared on the 
one hand by following the method proposed by Ulgen et al. to impregnate TiO2 
powder in a slurry and pelleting the impregnated TiO2 afterwards (method I).[15] On 
the other hand, extrudates were impregnated (method II) which allows the synthesis 
of larger quantities of catalyst in comparison with method I which is usually used for 
smaller catalyst batches. This fact will be advantageous, as the catalyst with the best 
catalytic performance for the dehydration of glycerol will be used for catalytic 
performance tests in the tandem setup later on and therefore larger quantities will be 
required. Both preparation methods are explained in detail in the experimental 
section of this thesis (cf. section 6.5.1). 
Thus, the catalytic properties of the slurry and extrudate catalysts will be compared in 
the subsequent chapter. 
4.1.2.1 Nitrogen Physisorption 
The influence of the different compositions of the catalysts on the textural properties 
has been investigated by nitrogen physisorption. 
The isotherms of a 9.7 wt.% WO3/TiO2 catalyst (KATCL16) made from Hombikat Typ 
II TiO2 support and of a 9.1 wt.% WO3/TiO2 catalyst (KATCL09) made from P25 TiO2 
support are depicted in Figure 37. The shape of the isotherms is similar for both 
catalysts and corresponds to type IV according to the IUPAC classification. The 
hysteresis loop is of the H1-type for both catalysts. This means that both catalysts 
present some mesoporosity. 
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Figure 37: Nitrogen adsorption-desorption isotherms of (a) 9.7 wt.% WO3/TiO2 (KATCL16, 
Hombikat Typ II support) and (b) 9.1 wt.% WO3/TiO2 (KATCL09, P25 support) 
 
Table 7 displays the textural properties of the bare TiO2 supports which were used for 
the preparation of the catalysts. The specific surface area of Hombikat Typ II TiO2 
support is almost twice as high as the surface area of P25 (107 m2/g vs. 55 m2/g). 
The poresize of P25 TiO2 support is somewhat higher than the poresize of Hombikat 
Typ II (157 Å vs. 127 Å). 
 
Table 7: Textural properties of the bare TiO2 supports. 
No. Support 
WO3, 
wt.% 
SBET, 
m2/g 
Mean pore size, 
Å 
1 Hombikat Typ II - 107 127 
2 P25 - 55 157 
 
The properties of the extrudate catalysts are depicted in Table 8. From the results 
one can see that the extrudate catalysts made of the TiO2 support Hombikat Typ II 
show the highest specific surface (between 47 m2/g and 53 m2/g), pore volume 
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(between 0.28 cm3/g and 0.32 cm3/g) and mean pore size (between 102 Å and 114 Å) 
of all prepared extrudates, whereas the P25-based catalysts generally reveal the 
lowest values in specific surface (between 33 m2/g and 38 m2/g), pore volume (0.23 
cm3/g) and poresize (between 63 Å and 73 Å). The higher surface area of the 
Hombikat Typ II-based catalysts compared to the P25 catalysts can be explained by 
the results obtained for the bare TiO2 supports (107 m2/g vs. 55 m2/g, Table 7). 
The surface area of the catalysts increases with the increase of the WO3 amount 
except for catalyst KATCL13 (12.3 wt.% WO3/TiO2) as shown in line 3 of Table 8. 
However, no clear relationship between the pore volume (or the pore size) and the 
tungsten loading was determined. 
 
Table 8: Textural properties of the calcined WO3/TiO2 extrudate catalysts. 
No. Catalystno. Support 
WO3, 
wt.%1 
SBET, 
m2/g 
VP, 
cm3/g 
Mean pore 
size, 
Å 
1 KATCL22 Hombikat Typ II 3.5 49 0.32 114 
2 KATCL16 Hombikat Typ II 9.7 53 0.28 102 
3 KATCL13 Hombikat Typ II 12.3 47 0.29 107 
4 KATCL17 P25 4.6 33 0.23 73 
5 KATCL09 P25 9.1 38 0.23 63 
1: determined by ICP 
 
Table 9 depicts the results of the nitrogen physisorption of the catalysts prepared 
according to method I. The tungstated Hombikat Typ II catalysts show again higher 
specific surface compared to the P25 catalysts which was ascribed to the significantly 
higher surface area of the bare Hombikat Typ II support (Table 7). However, the 
obtained pore volumes as well as the observed mean pore sizes for the different TiO2 
supports show only slight differences. As already observed for the extruded catalysts, 
no clear relationship was established between the tungsten oxide amount and the 
pore volume as well as the poresize. Furthermore, no relationship between the WO3 
loading and the obtained specific surface was observed for both TiO2 supports. 
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Table 9: Textural properties of the calcined WO3/TiO2 slurry catalysts. 
No. Catalystno. Support 
WO3, 
wt.%1 
SBET, 
m2/g 
VP, 
cm3/g 
Mean pore 
size, 
Å 
1 KATCL24 Hombikat Typ II 4.1 52 0.29 95 
2 KATCL25 Hombikat Typ II 9.1 49 0.26 96 
3 KATCL10 Hombikat Typ II 14.2 65 0.28 83 
4 KATCL26 P25 3.3 43 0.27 84 
5 KATCL29 P25 7.5 46 0.24 83 
6 KATCL28 P25 8.8 40 0.24 89 
1: determined by ICP 
 
A comparison of the results obtained for the Hombikat Typ II extrudates with the 
findings for the slurry Hombikat Typ II catalysts reveals that smaller pore sizes were 
obtained for the slurry method, whereas the specific surface as well as the pore 
volume was rather the same for both preparation methods. In case of P25, the 
surface area as well as the mean pore size recorded for the catalysts prepared 
according to method I was significantly higher than for the extrudates. However, the 
pore volume for both catalyst types was similar for the P25-based catalysts. 
4.1.2.2 X-ray Diffraction 
The crystalline structure for the extrudate catalysts with the highest WO3 amounts 
supported on each type of TiO2 was determined by X-ray diffraction (XRD). 
Figure 38 shows the XRD patterns of the calcined WO3/TiO2 catalysts made from 
Hombikat Typ II. One can see from the results that the intensity of the characteristic 
peaks of WO3 (JCPDS #43-1035; 2θ = 23° related to (002) plane and 24.3° related to 
(200) plane) is very low compared to the characteristic reflections of TiO2 (JCPDS 
#65-5714; 2θ = 25.2° related to (101) plane and 48.0° related to (200) plane). The 
low intensity of the WO3 reflections may have several reasons. First, it is possible it is 
caused by the small particle size of the WO3 particles. Additionally, the presence of 
an amorphous phase may also lead to a decreased intensity. Finally, the amount of 
WO3 may be too low to exhibit a high intensity. Nevertheless, with respect to the low 
intensity obtained for WO3 it was not possible to determine the particle size by 
applying the Sherrer equation. 
Furthermore, the diffractogram reveals that the TiO2 support is present in the anatase 
phase. 
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Figure 38: XRD pattern of the calcined 12.3 wt.% WO3/TiO2 extrudate catalyst (KATCL13, 
Hombikat Typ II) 
Results and Discussion 
 49 
The XRD pattern of the WO3/TiO2 catalyst made from P25 TiO2 support is illustrated 
in Figure 39. In this case, TiO2 is present in the anatase as well as the rutile phase. 
The characteristic peaks of the rutile phase were identified at 2θ = 27.4° and 54.3° 
which were attributed to the (110) and (211) planes (JCPDS #65-1119). Furthermore, 
the characteristic peaks of the WO3 phase were detected. The characteristic 
reflections of tungsten-VI-oxide and the anatase phase were identical to the peaks 
mentioned for the Hombikat Typ II catalyst. 
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Figure 39: XRD pattern of the calcined 9.1 wt.% WO3/TiO2 extrudate catalyst (KATCL09, P25). 
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4.1.2.3 Temperature Programmed Desorption 
The acidic strength of the catalysts has been investigated by NH3 temperature 
programmed desorption (TPD). Therefore, the slurry catalysts made out of Hombikat 
Typ II TiO2 support with WO3/TiO2 amounts of 4.1 wt.%, 9.1 wt.% and 14.2 % were 
analyzed. The results are depicted in Figure 40. 
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Figure 40: TPD profiles of Hombikat Typ II (a), 4.1 wt.% WO3/TiO2 (b, KATCL24, slurry), 9.1 wt.% 
WO3/TiO2 (c, KATCL25, slurry), 14.2 wt.% WO3/TiO2 (d, KATCL10, slurry); Temperature program 
of the oven displayed as dashed line. 
 
From the NH3 TPD profiles one can see that the titania carrier contains 
predominantly weak acidic sites (100 °C - 300 °C). In contrast, the tungstated 
supports exhibited characteristic peaks for weak (100 °C - 300 °C) as well as medium 
acidic sites (300 °C - 450 °C). Furthermore, the results indicate that the acidic 
strength of the catalysts improved with an increasing WO3 amount. 
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By integrating the area below each TPD profile, the total acidity was determined. The 
results are given in Table 10. 
 
Table 10: Acidity of the different catalysts. 
Catalystno. Support WO3, 
wt.% 
Acidity, 
mmol NH3/mmol WO3 
Total acidity, 
mmol NH3/g Cat. 
Hombikat Typ II - - - 0.27 
KATCL24 Hombikat Typ II 4.1 0.012 0.32 
KATCL25 Hombikat Typ II 9.1 0.014 0.33 
KATCL10 Hombikat Typ II 14.2 0.023 0.37 
 
The total acidity of the catalysts correlates with the amount of tungsten-VI-oxide as 
depicted in Figure 41. 
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Figure 41: Ammonia uptake plotted over the tungsten amount. 
 
The acidity increased from 0.27 mmol/g for the pure titania carrier over 0.32 mmol/g 
(KATCL24, 4.1 wt.% WO3) and 0.33 mmol/g (KATCL25, 9.1 wt.% WO3) to 
0.37 mmol/g for the catalyst with the highest tungsten loading (KATCL10, 14.2 wt.% 
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WO3). Nevertheless, since the difference between the results is very small, it has to 
be considered as a trend with the accuracy of the measurement in mind. 
4.1.3 Results 
4.1.3.1 Catalysts Prepared According to Method I 
At first, a series of catalysts based on Hombikat Typ II were synthesized according to 
the slurry method applied by Ulgen et al.[15] Three different tungsten/titania 
compositions (KATCL24 4.1 wt.% WO3, KATCL25 9.1 wt.% WO3 and KATCL10 
14.2 wt.% WO3) were prepared and tested in the dehydration of glycerol into acrolein. 
The results are given in Figure 42. 
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Figure 42: Catalytic performance of slurry Hombikat Typ II TiO2 support doped with different 
WO3 amounts; Reaction conditions: T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 
flow = 11.33 mL/min, mCatalyst = 5 g, contact time = 0.36 s, TOS = 4h; Catalysts: KATCL24, 
KATCL25, KATCL10. 
 
The glycerol conversion increased slightly with the WO3 amount from 94 % 
(KATCL24, 4.1 wt.% WO3) over 99 % (KATCL25, 9.1 wt.% WO3) to 100 % (KATCL10, 
14.2 wt.% WO3). An increasing tungsten amount also had a positive effect on the 
acrolein selectivity. The selectivity improved significantly from 56 % over 63 % to 
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78 %. Thus, the highest yield achieved in acrolein was 78 %. These results are in 
good agreement with the results obtained by Ulgen (74 % yield).[89] 
With respect to the structural properties of the catalyst, no correlation between 
surface area or pore volume and the obtained catalytic conversion or selectivity was 
determined. However, the acidity of the catalyst correlates directly with the yield in 
acrolein (cf. 4.1.2.3 and Figure 43). Thus, the highest yield was obtained with 
14.2 wt.% WO3/TiO2 catalyst (KATCL10). 
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Figure 43: AC yield plotted over the ammonia uptake. 
 
P25 was used as titania support in another series of experiments. Again, three 
different WO3/TiO2 catalysts were prepared. The results are depicted in Figure 44. 
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Figure 44: Catalytic performance of slurry P25 TiO2 support doped with different WO3 amounts; 
Reaction conditions: T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 
mL/min, mCatalyst = 5 g, contact time = 0.36 s, TOS = 4h; Catalysts: KATCL26, KATCL29, 
KATCL28. 
 
The glycerol conversion remained constant at 96 % for the catalysts that contained 
3.3 wt.% WO3 (KATCL26) and 7.5 wt.% WO3 (KATCL29) respectively. Afterwards, 
the conversion increased to 100 % for the 8.8 wt.% WO3/TiO2 (KATCL28) catalyst. 
These results are within the accuracy limitations of the analytics and the experimental 
setup. Therefore, the conversion can be considered as independent of the WO3 
amount. The selectivity towards AC improved slightly from 54 % over 56 % to 58 % 
with an increasing tungsten amount. However, as observed for the conversion, the 
results are within the accuracy limitations of the analytics and the experimental setup. 
Consequently, the WO3 amount seems to have no influence on the AC selectivity. 
Once again, the structural properties of the P25 based catalysts give no explanation 
for the observed behavior in terms of catalyst activity as well as selectivity towards 
AC. 
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However, in comparison to the catalysts based on Hombikat Typ II which were 
prepared according to method I, the yield was considerably lower (58 % vs. 78 %) in 
the presence of P25 based catalysts. Nevertheless, this is most likely due to 
decreased tungsten amount (KATCL28, 8.8 wt.%) compared to the best Hombikat 
Typ II catalyst (KATCL10, 14.2 wt.%). The fact that only a slight difference in the 
catalytic performance of the 9.1 wt.% WO3/TiO2 catalyst (KATCL25) made of 
Hombikat Typ II (62 % yield) and the 8.8 wt.%1 WO3/TiO2 catalyst (KATCL28) made 
of P25 (58 % yield) was observed, supports this hypothesis. Furthermore, the results 
indicate that the TiO2 support had no influence on the AC selectivity which was also 
observed by Ulgen.[89] 
                                            
1 It was impossible to prepare catalysts with higher WO3 loadings due to technical 
limitations. 
Results and Discussion 
 56 
4.1.3.2 Catalysts Prepared According to Method II 
In the subsequent chapter, the performance over extrudate catalysts based on 
Hombikat Typ II and P25 TiO2 supports are presented. Figure 45 illustrates the 
glycerol conversion as well as the AC selectivity observed over three Hombikat Typ II 
extrudates doped with different WO3 amounts. 
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Figure 45: Catalytic performance of extruded Hombikat Typ II TiO2 support doped with different 
WO3 amounts; Reaction conditions: T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 
flow = 11.33 mL/min, mCatalyst = 5 g, contact time = 0.36 s, TOS = 4h; Catalysts: KATCL22, 
KATCL16, KATCL13. 
 
The glycerol conversion improved slightly with an increasing tungsten loading. For 
the catalyst containing 3.5 wt.% WO3 (KATCL22), the glycerol conversion was 97 %. 
Afterwards, 99 % was reached over the 9.7 wt.% WO3/TiO2 catalyst (KATCL16) and 
the maximum of 100 % was obtained with the 12.3 wt.% WO3/TiO2 catalyst 
(KATCL13). However, as the results are within the accuracy limitations of the 
analytics and the experimental setup, the conversion can be considered as 
independent of the WO3 amount. As already observed for the Hombikat Typ II slurry 
catalysts, the selectivity towards the desired product acrolein improved with an 
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increasing amount of tungsten. The maximum yield in acrolein was 72 % (12.3 
WO3/TiO2 catalyst). 
Once more, no reliance between the structural properties of the catalysts and the 
yield in acrolein was determined. 
 
The catalytic performance over extrudate catalysts based on P25 was investigated in 
the next series of experiments. It has to be pointed out that it was not possible to 
prepare any P25 catalysts with a higher tungsten amount than 9.1 wt.%. Due to the 
applied preparation method, the mechanical stress during the impregnation of the 
extruded TiO2 support led to the formation of fine catalyst powder. Thereby, the 
tungsten amount of the catalyst was most likely reduced, as the powder could not be 
used for the experiments anymore. The results obtained over the P25 extrudates are 
shown in Figure 46. 
4.6 9.1
0
10
20
30
40
50
60
70
80
90
100
S
el
ec
tiv
ity
	  a
nd
	  C
on
ve
rs
io
n	  
(%
)
W O
3
	  L oading 	  (wt.% )
	  S elec tiv ity
	  C onvers ion
	  
	  
 
Figure 46: Catalytic performance of extruded P25 TiO2 support doped with different WO3 
amounts; Reaction conditions: T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 
flow = 11.33 mL/min, mCatalyst = 5 g, contact time = 0.36 s, TOS = 4h; Catalysts: KATCL17, 
KATCL09. 
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The glycerol conversion reached 100 % during both experiments. The selectivity 
towards acrolein improved with an increasing WO3 content as it was expected with 
regard to the aforementioned results. The 9.1 wt.% WO3/TiO2 catalyst (KATCL09) 
exhibited the best yield in AC of all tested extrudates (74 % at full glycerol 
conversion). This is surprising since the tungsten amount is significantly lower 
compared to the best Hombikat Typ II based catalyst that yielded 72 % acrolein at 
complete glycerol conversion (KATCL13, 12.3 wt.% WO3). Nevertheless, the 
performed experiments showed that the selectivities achieved with the best - in terms 
of AC yield - extruded catalysts (KATCL13, 12.3 wt.% WO3/TiO2, 72 % yield and 
KATCL09, 9.1 wt.% WO3/TiO2, 74 % yield) are slightly lower than the selectivities 
which were obtained with the best slurry catalyst (KATCL10, 14.2 wt.% WO3/TiO2, 
78 % yield). Considering the fact that the tungsten amount of the extruded catalysts 
(KATCL13, 12.3 wt.% and KATCL09, 9.1 wt.%) differs more than 2 wt.% from the 
tungsten amount of the best slurry catalyst (KATCL10, 14.2 wt.%), it can be expected 
that with an extruded catalyst with a similar WO3 loading, a comparable selectivity 
can be achieved. 
4.1.3.3 Combination of Method I and II 
As it was not possible to prepare an extruded catalyst with a tungsten amount higher 
than 12.3 %, the preparation procedure had to be improved. Therefore, method I and 
II were combined, meaning that the TiO2 powder was firstly impregnated by applying 
method I. Afterwards, the WO3 doped TiO2 powder was extruded. 
The P25 and Hombikat Typ II TiO2 supported catalysts exhibited similar results in 
terms of yield in the desired product acrolein. Nevertheless, it was decided to use 
Hombikat Typ II as support for the catalysts used in the tandem reactor, since the 
highest yield in acrolein (78 %, KATCL10, 14.2 wt.% WO3/TiO2) was reached in an 
experiment with a catalyst made of this carrier material. 
Therefore, a WO3/TiO2 catalyst was prepared according to the new preparation 
method. The results of the catalytic performance test are given in Figure 47. 
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Figure 47: Selectivity and conversion plotted over time on stream; Reaction conditions: 
T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 mL/min, mCatalyst = 5 g, 
catalyst = 13.2 wt.% WO3/TiO2, contact time = 0.36 s; Catalyst: KATCL30. 
 
The glycerol conversion remained stable at 100 % during the whole experiment. The 
selectivity towards the desired product, namely AC, was 61 % during the first hour 
time on stream. Afterwards, the selectivity increased up to 74 % and remained stable 
until the end of the experiment. Consequently, the results of this study prove that the 
results published by Ulgen et al. are reproducible (75 % yield).[15] Furthermore, it was 
shown that by applying the combined synthesis method, high tungsten loadings are 
feasible, which is necessary in order to obtain good yields of acrolein. Thus, it was 
decided to use the 13.2 wt.% WO3/TiO2 catalyst prepared by combination of method I 
and II for the dehydration of glycerol later on in the tandem process. 
4.1.3.4 Identification of By-products 
Due to technical limitations, analysis of the gaseous as well as liquid by-products was 
not possible. However, a detailed study of the side-products of the glycerol 
dehydration over WO3/TiO2 catalysts (e.g. hydroxyacetone, acetic acid, acetaldehyde, 
propanal) can be found in literature.[15, 89] 
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The mass balance of all experiments carried out for the dehydration of glycerol was 
at least 98 %. 
4.2 Ammoxidation of Acrolein 
4.2.1 Reactor Setup 
The continuous ammoxidation of acrolein in gaseous phase was carried out in a 
reactor system made of stainless steel. The schematic reactor setup is depicted in 
Figure 48. 
 
 
Figure 48: Schematics of the reactor setup for the ammoxidation of acrolein. 
 
The acrolein feed (7.1 wt.% in water) is firstly vaporized in a pre-heater (W1) and 
afterwards mixed with the two other reactants oxygen and ammonia, which are pre-
heated (W5) as well.  
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Thereafter, the gas mixture is led to the coil reactor (C1, length = 70 cm, inner 
diameter = 0.6 cm) in the oven. Thereon, the gases are quenched with an acidic 
solution (e.g. acetic acid in distilled water) by the help of a pump (P3). After the 
injection of the acidic solution is carried out, the gases are led to the cooling trap. The 
pipe is heated (W4) until it enters the double-jacketed separating funnel (B1).  
There, the products are collected and condensed. For this purpose, the double-
jacketed separating funnel (B1) is connected to a cryostat and tempered to -5 °C. 
Additionally, an acidic solution (5 wt.% acetic acid in water) is used as a quench 
medium in the cooling trap. The product gases are directly led into this liquid. 
A second pump (P2) is installed to be able to clean the plant after each experiment 
with a solvent. 
All liquids were pumped with diaphragm pumps (Fink or Telab). The flow rate of the 
gaseous reactants was controlled with mass-flow controllers (Brooks). The 
temperatures of the different heaters were controlled with temperature PID regulators 
(Eurotherm). 
The reactor was usually filled with granulated catalysts with a particle size of 0.5 -
 1 mm. In order to maintain the catalyst inside of the reactor, a wire mesh was placed 
at the exit of the reactor. The time on stream was usually five hours. 
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The reaction conditions applied for the ammoxidation of acrolein are summarized in 
Table 11. 
 
Table 11: Reaction parameters for the ammoxidation of acrolein. 
Parameter Value 
Evaporator temperature 200 °C 
NH3/O2 preheater temperature 200 °C 
Reactor outlet temperature 200 °C 
Reaction temperature 350 °C - 450 °C 
Composition AC feed 7.1 wt.% in water 
AC flow rate 48 g/h 
NH3/AC ratio 0.5 - 1.5 
O2/AC ratio 0.5 - 6.5 
Catalyst amount 2 g - 8 g 
Pressure Atmospheric 
 
The variation limits shown in Table 11 for the reaction temperature, the catalyst 
amount, the NH3/AC ratio as well as O2/AC ratio were used during the design of 
experiments (cf. section 4.2.3.4). 
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A picture of the reactor setup used for the ammoxidation of acrolein is given in Figure 
49. 
 
 
Figure 49: Picture of the reactor setup for the ammoxidation of acrolein. 
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4.2.2 Characterization 
4.2.2.1 Antimony Iron Mixed Oxides 
Antimony and iron are two well-known components of ammoxidation catalysts which 
showed good performance in the ammoxidation of acrolein in the presence of water 
as well as the ammoxidation of glycerol (cf. sections 3.1 and 3.2.2). Therefore, a 
series of antimony iron mixed oxides with different molar ratios (0.4, 0.6, 0.8 and 1.0) 
has been synthesized. The physico-chemical properties were investigated by 
nitrogen physisorption, X-ray diffraction, X-ray photoelectron spectroscopy, 
temperature programmed reduction and thermogravimetry. The results will be 
presented in the subsequent subchapters. 
4.2.2.1.1 Nitrogen Physisorption 
The influence of the different compositions of the antimony iron catalysts on the 
textural properties has been investigated by nitrogen physisorption. The results of the 
nitrogen physisorption/desorption measurements of the SbFeO catalysts are shown 
in Table 12. 
From the results depicted in lines one, two, four and five in Table 12, one can see 
that the surface area initially increases with the atomic ratio from 20 m2/g (SbFe0.4) 
to 32 m2/g (SbFe0.8) but afterwards drops to 19 m2/g (SbFe1.0). The pore volume 
shows a similar trend as it increases from 0.06 to 0.11 cm³/g before decreasing to 
0.07 cm³/g. 
The SbFeO catalyst with a molar ratio of 0.6 was also exemplarily analysed after test. 
The result is reported in line 3 in Table 12. The specific surface area as well as the 
pore volume of the catalyst decreased by roughly a factor two during the reaction, 
reaching 14 m²/g and 0.04 cm³/g respectively after test (24 m²/g and 0.08 cm³/g for 
the fresh catalyst). Furthermore, the micropore surface area decreased from 5 m2/g 
to 0 m2/g during the reaction. As the catalyst was initially calcined at 500 °C, the 
decrease in the specific surface due to sintering can be excluded, thus supporting the 
hypothesis of the formation of carbonaceous compounds in the micropores of the 
catalyst during the reaction. 
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Table 12: Textural properties of the calcined and spent SbFeO catalysts. 
No. Catalystno. Catalyst Condition 
SBET, 
m2/g 
SMicro BET, 
m2/g 
VP, 
cm3/g 
VMicro P, 
cm3/g 
1 KATSG10 SbFeO0.4 Calcined 20 2 0.06 0.0005 
2 KATSG7 SbFeO0.6 Calcined 24 5 0.08 0.002 
3 KATSG7 SbFeO0.6 Spent 14 0 0.04 0 
4 KATPS4 SbFeO0.8 Calcined 32 3 0.11 0.001 
5 KATPS5 SbFeO1.0 Calcined 19 2 0.07 0.0005 
Catalyst mentioned in line 3 spent at: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), 
NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h. 
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4.2.2.1.2 X-ray Diffraction 
The catalysts were characterized by X-ray diffraction to study the different phases of 
the mixed oxides. 
The results of the X-ray diffraction of the SbFeO catalyst with different molar ratios 
are presented in Figure 50. Three different phases were identified in all the catalysts: 
antimony-IV-oxide, iron-III-oxide and iron-antimony mixed oxide. The characteristic 
peak of Sb2O4 was identified at 2θ = 29°, (112) plane (JCPDS #11-0694) and for 
Fe2O3 at 2θ = 35.7°, (110) plane (JCPDS #33-0664). The characteristic reflections of 
the antimony iron mixed oxide phase FeSbO4 were present at 2θ = 27.2°, 34.9° and 
attributed to the (110) plane and (101) plane (JCPDS #34-0372). 
From the comparison of the four catalysts with different ratios one can see that – as 
expected – the SbFeO catalyst with iron excess (KATSG10, molar Sb/Fe ratio of 0.4) 
shows the highest iron-III-oxide reflexion intensity. Afterwards, the intensity of these 
peaks decreases with an increasing antimony amount. Nevertheless, the signal of 
Fe2O3 is still detectable even in the case of the stoichiometric Sb/Fe molar ratio of 1.0 
(KATPS5), meaning that iron and antimony do not quantitatively form the mixed oxide 
(FeSbO4). This can further be confirmed from the peaks ascribed to antimony dioxide. 
The latter exhibits a comparable level for the mixed oxides with the molar ratios 0.4 
and 0.6. However, the signal intensity decreases for the catalysts with a higher 
antimony content (KATPS5, SbFeO1.0 and KATPS4, SbFeO0.8), but still remains 
detectable. As the characteristic reflections of the antimony iron mixed oxide FeSbO4 
become sharper with an increasing antimony amount, it can be concluded that the 
decrease in intensity of the characteristic peaks of Sb2O4 is caused by the increased 
formation of the FeSbO4 mixed phase meaning that the higher the Sb/Fe ratio of the 
bulk catalyst, the more FeSbO4 is formed. Nevertheless, one cannot exclude that the 
decrease in intensity might also be caused by the formation of an amorphous phase, 
even though no example has been reported in literature yet. 
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Figure 50: XRD patterns of the calcined catalysts (a: SbFeO0.4 (KATSG10), b: SbFeO0.6 
(KATSG7), c: SbFeO0.8 (KATPS4), d: SbFeO1.0 (KATPS5)). 
 
To study the influence of the reaction conditions on the crystalline structure of the 
catalyst, the spent antimony-iron catalysts with molar ratios of 0.4 (KATSG10) and 
0.6 (KATSG7) were analysed by XRD. The diffraction patterns of the fresh and spent 
catalysts are given in Figure 51 and Figure 52. All the aforementioned phases (Sb2O4, 
Fe2O3, FeSbO4) were identified in the spent catalysts. 
Nevertheless, when comparing the XRD of the fresh and spent SbFeO having a 
molar ratio of 0.6 (KATSG7), one can clearly see that the intensity of the 
characteristic reflections of the antimony-iron mixed oxide (FeSbO4) increased after 
reaction. Thus, leading to the hypothesis that the crystalline mixed phase is formed 
under reaction conditions. On the other hand, the catalyst with a molar ratio of 0.4 
(KATSG10) remained unchanged during the experiment. In fact, no change of the 
respective intensity for the three identified phases was observed. 
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Figure 51: XRD patterns of the calcined (a) and spent (b) SbFeO0.6 (KATSG7). 
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Figure 52: XRD patterns of the calcined (a) and spent (b) SbFeO0.4 (KATSG10). 
4.2.2.1.3 X-ray Photoelectron Spectroscopy 
Due to the results obtained by XRD (cf. section 4.2.2.1.2) suggesting the formation of 
SbFeO4 mixed phase during test, the corresponding catalysts were also investigated 
by XPS to support the XRD results. Figure 53a shows the X-ray photoelectron 
spectrum of the fresh SbFeO catalyst with a molar ratio of 0.6. The peaks at 22 eV, 
400 eV, 540 eV and 710-711 eV correspond to the characteristic binding energies of 
O2s, N1s, Sb3d3/2 and Fe2p3/2, respectively. The peaks of O1s and Sb 3d5/2 overlap 
at 531 eV. Therefore, it was necessary to use the O2s and the Sb3d3/2 peaks to carry 
out the quantification of antimony. All the other peaks can be assigned to 
photoemission and Auger transitions of iron, antimony and oxygen. 
The Sb3d3/2 peak magnified in Figure 53b was ascribed to a 5+ oxidation state of 
antimony. However, it is known from the literature that the identification of the 
antimony oxidation state can be difficult as the binding energy of Sb3+ and Sb5+ only 
differs by 0.6 eV.[90] Therefore, we cannot clearly distinguish between the two 
oxidation states from the XPS results. This issue has been previously discussed in 
literature, which suggests the existence of a surface layer containing only Sb5+ [91] as 
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well as a mixture of Sb3+ and Sb5+ [92, 93]. The Fe2p3/2 located in the 710 eV to 711 eV 
range (Figure 53c) is comparable to values recorded for Fe2O3, thus showing that 
iron is exclusively present at the oxidation state 3+ which is surprising as one could 
expect different valence states in an oxidative reaction environment. 
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Figure 53: XPS spectra of SbFeO0.6 (KATSG7): (a) wide scan of SbFeO0.6 (KATSG7) showing 
principal transitions, (b) Sb3d / O1s region, (c) Fe2p region 
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Figure 54: Surface Sb/Fe ratio as a function of the bulk Sb/Fe ratio. 
 
The surface ratio of antimony to iron was calculated using data from the Sb3d3/2 and 
the Fe2p3/2 peaks. The results of the calcined SbFeO catalysts with molar ratios from 
0.4 to 1.0 are shown in lines one, two, four and five in Table 13, respectively. The 
atomic Sb/Fe ratio at the surface of the catalyst increased with the antimony loading 
from 0.16 to 1.50. However, the as-determined antimony to iron ratios at the surface 
never matched those from the theoretical bulk catalysts. In fact, whereas the 
catalysts with theoretical molar ratios of 0.4 (KATSG10) and 0.6 (KATSG7) show by 
XPS an excess in iron / 0.16 and 0.33, respectively), an enrichment in antimony at 
the surface was observed for the SbFeO0.8 (KATPS4) and SbFeO1.0 (KATPS5), 
with ratios of 1.25 and 1.5, respectively (Figure 54). However, no explanation was 
found in the literature for this trend. 
Results and Discussion 
 72 
Table 13: Surface analysis results of the calcined and spent SbFeO catalysts. 
No. 
Catalyst 
(Catalystno.) 
Condition 
Binding energy, eV Atomic conc., % 
Atomic 
ratio 
Sb3d3/2 
(Sb5+) 
Fe2p3/2 
(Fe3+) 
Sb Fe Sb/Fe 
1 SbFeO0.4 
(KATSG11) 
Calcined 540.5 711.1 4 25 0.16 
2 SbFeO0.6 
(KATSG7) 
Calcined 540.6 711.5 7 21 0.33 
3 SbFeO0.6 
(KATSG7) 
Spent 540.6 711.5 13 10 1.30 
4 SbFeO0.8 
(KATPS4) 
Calcined 540.5 711.4 15 12 1.25 
5 SbFeO1.0 
(KATPS5) 
Calcined 540.4 710.8 15 10 1.50 
Catalyst mentioned in line 3 spent at: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), 
NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h. 
 
The effect of the reaction conditions on the catalyst has also been studied by XPS. 
As aforementioned, XRD of the spent catalyst exhibited increased amount of the 
SbFe-mixed oxide phase, in the case of the catalysts with a Sb/Fe ratio higher than 
0.4 (cf. section 4.2.2.1.2). The results of the XPS of the spent SbFeO with a molar 
ratio of 0.6 (KATSG7) are presented in line three in Table 13. The antimony to iron 
atomic ratio increased considerably during the experiment from 0.33 to 1.3. Allen et 
al. stated that an enrichment of Sb at the surface of the catalyst is probably caused 
by the formation of the FeSbO4 phase as already suggested by XRD 
(cf. section 4.2.2.1.2). The termination of the FeSbO4 lattice is such that antimony 
cations dominate in the surface region.[94] Thus, one can assume that the FeSbO4 
mixed phase is formed under the conditions used for the catalytic tests as it was 
already stated from the XRD results for the spent FeSbO4 with a molar ratio of 0.6 
(cf. section 4.2.2.1.2). 
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4.2.2.1.4 Temperature Programmed Reduction 
The reducibility of the SbFeO with a molar ratio of 0.6 (KATSG7) was investigated by 
H2-TPR to analyse the reducibility of the different phases of the mixed oxide catalyst. 
The H2-TPR profile of the aforementioned catalyst is depicted in Figure 55, showing 
three reduction bands at 400 °C, 580 °C and 710 °C. It has been reported by de 
Abreu et al. that the reduction of Fe2O3 to Fe3O4 in the presence of H2 takes place at 
400 °C.[95] Therefore, it can be safely assumed that the reduction band at 400 °C of 
the SbFeO catalyst with a molar ratio of 0.6 is caused by the reduction of iron as the 
Fe2O3 phase was identified by XRD (cf. section 4.2.2.1.2). The reduction band with a 
maximum at 580 °C can be assigned to a reduction of the FeSbO4 phase.[96, 97] Bithell 
et al. showed that, under reducing conditions at temperatures of 350 °C to 500 °C, a 
phase separation of FeSbO4 occurs, in which an antimony oxide is formed.[96] 
Van Steen et al. observed a similar phenomenon, stating that, at 650 °C isothermal 
conditions, FeSbO4 decomposes to Sb2O3 and Fe2O3. However, the reducing 
conditions applied are different for this TPR study.[97] The highest H2 consumption 
was observed at temperatures of 600 °C to 800 °C. The shape of the reduction band 
implies that several reduction processes interfere with each other. It is suggested that 
the reduction of Fe3O4 to Fe0 occurs simultaneously to the reduction of Sb2O4 to 
Sb2O3.[95, 98] 
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Figure 55: TPR profile of the calcined SbFeO0.6 (KATSG7). 
4.2.2.1.5 Thermogravimetry 
The non-calcined (meaning dried but not calcined) SbFeO (KATSG7, atomic ratio 0.6) 
was analysed by TG/DTG measurements (Figure 56) in order to study the effect of 
calcination on the catalyst. 
A two-stage decomposition was observed: the first step at around 100 °C is ascribed 
to the loss of adsorbed water in the catalyst pores; the second step in the range from 
100 °C to 300 °C can be explained by the decomposition of the Fe(NO3)39H2O 
forming Fe2O3.[99, 100] The total weight loss over the temperature range from 25 °C to 
650 °C was 15 %. Therefore, it was concluded that the calcination temperature must 
be higher than 350 °C in order to achieve complete decomposition of the nitrate. 
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Figure 56: TG (black lines) and DTG (grey lines) curves of the non-calcined SbFeO0.6 
(KATSG7). 
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4.2.2.2 Antimony Vanadium Mixed Oxides 
As presented in chapter 3.1, antimony vanadium mixed oxides are known from the 
literature to be favorable for the ammoxidation of glycerol. Additionally, antimony as 
well as vanadium are well known catalytic compound of ammoxidation catalysts in 
general. Therefore, a series of antimony vanadium mixed oxides with different molar 
ratios (0.4, 0.6, 0.8 and 1.0) has been synthesized in order to investigate the 
performance in the ammoxidation of acrolein. The catalytic properties were 
investigated by nitrogen physisorption, X-ray diffraction, X-ray photoelectron 
spectroscopy and temperature programmed reduction. The results will be presented 
in the subsequent subchapters. 
4.2.2.2.1 Nitrogen Physisorption 
As for the SbFeO catalysts, the influence of the different antimony/vanadium ratios 
on the textural properties of the catalysts has been studied by nitrogen physisorption. 
The results of the measurements are displayed in Table 14. 
From the results depicted in lines one, two, four and five in Table 14, one can see 
that no real trend becomes obvious for the surface area as well as the pore volume. 
The surface area remains rather constant for the mixed oxides with molar ratios of 
0.4 (13 m2/g) and 0.6 (16 m2/g) and drops significantly for the SbVO catalysts with 
molar ratios of 0.8 (2 m2/g) and 1.0 (4 m2/g). The pore volume shows a similar 
behavior as the SbVO0.8 (0.01 cm³/g) and SbVO1.0 (0.02 cm³/g) catalysts exhibit 
considerably lower pore volumes than the SbVO0.4 (0.04 cm³/g) and SbVO0.6 
(0.06 cm³/g) catalysts. 
Line 3 in Table 14 depicts the results obtained for the SbVO0.6 catalyst which was 
analyzed after the catalytic test. The specific surface area as well as the pore volume 
of the catalyst remained almost unchanged during the reaction reaching 19 m2/g and 
0.07 cm3/g respectively after test (16 m2/g and 0.06 cm3/g for the calcined catalyst). 
This result is surprising as the SbFeO catalyst (cf. section 4.2.2.1.1) as well as the 
Mo containing catalysts (cf. section 4.2.2.3.1) show a different behavior. However, 
the measurement for the spent catalyst has been repeated twice. Therefore, a 
measurement error can be excluded. 
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Table 14: Textural properties of the calcined and spent SbVO catalysts. 
No. Catalystno. Catalyst Condition 
SBET, 
m2/g 
SMicro BET, 
m2/g 
VP, 
cm3/g 
VMicro P, 
cm³/g 
1 KATSG11 SbVO0.4 Calcined 13 0 0.04 0 
2 KATSG6 SbVO0.6 Calcined 16 1.2 0.06 0.0004 
3 KATSG6 SbVO0.6 Spent 19 0.2 0.07 0 
4 KATPS3 SbVO0.8 Calcined 2 1 0.01 0.0004 
5 KATPS1 SbVO1.0 Calcined 4 0 0.02 0 
Catalyst mentioned in line 3 spent at: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), 
NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h. 
4.2.2.2.2 X-ray Diffraction 
The catalysts were characterized by X-ray diffraction to study the different phases of 
the mixed oxides. 
The results of the X-ray diffraction of the SbVO catalyst with different molar ratios are 
presented in Figure 57. Two different phases were identified in all the catalysts: 
vanadium-V-oxide and vanadium-antimony mixed oxide. The characteristic peaks of 
V2O5 were identified at 2θ = 20.3° and 31° and attributed to the (001) and (301) 
planes (JCPDS #41-1426). The characteristic reflections of the antimony vanadium 
mixed oxide phase SbVO4 were present at 2θ = 27.4° and 35.4° and related to the 
(110) and (101) planes (JCPDS #37-1075). 
From the comparison of the four catalysts with different ratios one can see that the 
SbVO catalyst with the molar Sb/V ratio of 0.4 (KATSG11) shows the highest 
vanadium-V-oxide reflection intensity. Afterwards, the intensity of these peaks 
decreases with an increasing antimony amount. Only small V2O5 reflections are 
detectable for the SbVO0.8 (KATPS3) catalyst and the SbVO with a molar ratio of 1.0 
(KATPS1) does not contain V2O5 anymore. Antimony oxide is not detectable for any 
synthesized molar ratio. However, this is in well agreement with the XRD results 
reported in the literature for similar Sb/V molar ratios, claiming a quantitative reaction 
between antimony- and vanadium-oxide.[101] The intensity of the characteristic peaks 
of the SbVO4 phase increased with a rising antimony amount until SbVO0.8 
(KATPS3). Thereafter, no change of the intensity level of the SbVO4 phase can be 
determined between SbVO0.8 (KATPS3) and SbVO1.0 (KATPS1). A correlation of 
the crystallinity with the BET surface area is not possible, as the specific surface area 
of the SbVO catalysts is very low in general. 
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Figure 57: XRD patterns of the calcined catalysts (a: SbVO0.4 (KATSG11), b: SbVO0.6 
(KATSG6), c: SbVO0.8 (KATPS3), d: SbVO1.0 (KATPS1)). 
 
To study the influence of the reaction conditions on the crystalline structure of the 
catalyst, the spent antimony-vanadium catalyst with a molar ratio of 0.6 (KATSG6) 
was analysed by XRD. The diffraction patterns of the fresh and spent catalyst are 
given in Figure 58. Only the SbVO4 phase was identified in the spent catalyst, 
whereas the V2O5 phase disappeared under reaction conditions. However, the 
intensity of the characteristic peaks of the antimony vanadium mixed phase seemed 
to remain unchanged during the experiment. This fact was also observed by Nilsson 
et al. who studied SbVO catalysts in the ammoxidation of propane and propene.[101, 
102] Nilsson et al. suggest that amorphous vanadia was formed under reaction 
conditions and therefore was no longer detectable in the spent sample.[101, 102] 
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Figure 58: XRD patterns of the calcined (a) and spent (b) SbVO0.6 (KATSG6). 
4.2.2.2.3 X-ray Photoelectron Spectroscopy 
The catalytic samples were also investigated by XPS in order to analyze the surface 
composition of the SbVO catalysts. Figure 59a shows the X-ray photoelectron 
spectrum of the fresh SbVO catalyst with a molar ratio of 0.6. The peaks at 22 eV, 
400 eV, 518 eV and 540 eV correspond to the characteristic binding energies of O2s, 
N1s, V2p3/2 and Sb3d3/2, respectively. The peaks of O1s and Sb 3d5/2 overlap at 
531 eV. Therefore, it was necessary to use the O2s and the Sb3d3/2 peaks to carry 
out the quantification of antimony. All the other peaks can be assigned to 
photoemission and Auger transitions of vanadium, antimony and oxygen. 
The V2p3/2 peak located at 518 eV (Figure 59b) corresponds to V4+ and V5+ oxidation 
states. As already reported for the SbFeO catalysts (cf. section 4.2.2.1.3), the 
identification of the antimony oxidation state can be difficult as the binding energy of 
Sb3+ and Sb5+ only differs by 0.6 eV.[90] However, with respect to XPS studies of 
SbVO catalysts published in literature, one can safely assume that antimony is 
present in the 5+ oxidation state.[101, 102] Therefore, the Sb3d3/2 peak depicted in 
Figure 60c corresponds to Sb5+. 
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Figure 59: XPS spectra of SbVO0.6 (KATSG6): (a) wide scan of SbVO0.6 (KATSG6) showing 
principal transitions, (b) V2p region, (c) Sb3d / O1s region  
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Figure 60: Surface Sb/V ratio as a function of the bulk Sb/V ratio. 
 
The surface ratio of antimony to vanadium was calculated using data from the 
Sb3d3/2 and the V2p3/2 peaks. The results of the calcined SbVO catalysts with molar 
ratios from 0.4 to 1.0 are shown in lines one, two, four and five in Table 15, 
respectively. The atomic Sb/V ratio at the surface of the catalyst is similar for the 
SbVO0.4 (KATSG11, Sb/V = 0.72) and SbVO0.6 (KATSG6, Sb/V = 0.73) catalysts 
and drops afterwards for the SbVO0.8 (KATPS3, Sb/V = 0.5). In contrast, the surface 
Sb/V ratio of the SbVO1.0 (KATPS1) matches the bulk ratio closely (Sb/V = 1.03). 
Thus, the calculated Sb/V ratios at the surface never match those from the theoretical 
bulk catalysts except for SbVO1.0 (KATPS1). In fact, the catalysts with molar ratios 
of 0.4 (KATSG11) and 0.6 (KATSG6) show excess in antimony at their surface 
whereas the SbVO with a molar Sb/V ratio of 0.8 (KATPS3) shows enrichment in 
vanadium at the surface (Figure 60). This is conflictive to the XPS results obtained for 
the SbFeO catalysts (cf. section 4.2.2.1.3). However, no explanation for this trend 
can be given from the literature. 
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Table 15: Surface analysis results of the calcined and spent SbVO catalysts. 
No. Catalyst Condition 
Binding energy, eV Atomic conc., % 
Atomic 
ratio 
Sb3d3/2 
(Sb5+) 
V2p3/2 
Sb V Sb/V 
(V4+) (V5+) 
1 SbVO0.4 
(KATSG10) 
Calcined 540.9 516.5 517.9 8.9 12.3 0.72 
2 SbVO0.6 
(KATSG6) 
Calcined 541.0 516.7 518.0 9.3 12.8 0.73 
3 SbVO0.6 
(KATSG6) 
Spent 540.8 516.7 517.8 7.5 11.9 0.63 
4 SbVO0.8 
(KATPS3) 
Calcined 541.1 516.6 518.1 6.7 13.8 0.5 
5 SbVO1.0 
(KATPS1) 
Calcined 541.0 516.6 518.0 11.3 11.0 1.03 
Catalyst mentioned in line 3 spent at: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), 
NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h. 
 
The effect of the reaction conditions on the catalyst has also been studied by XPS. 
The results of the XPS of the spent SbVO with a molar ratio of 0.6 (KATSG6) are 
presented in line three in Table 15. The antimony to vanadium ratio decreased under 
reaction conditions from 0.73 to 0.63. Nilsson et al. concluded that the Sb/V ratio 
decreases as amorphous vanadia spreads over the surface of SbVO4 during 
reaction.[101, 102] Thus, supporting the hypothesis of the formation of an amorphous 
phase suggested by the XRD results (cf. section 4.2.2.2.2).  
Results and Discussion 
 83 
4.2.2.2.4 Temperature Programmed Reduction 
The reducibility of the SbVO with a molar ratio of 0.6 (KATSG6) has been 
investigated by H2-TPR. The TPR profile of the aforementioned catalyst is given in 
Figure 61. From the thermogram one can see that the reduction of the catalyst takes 
place in three steps at approximately 550 °C, 640 °C and 700 °C. 
Bayraktar et al. reported that the reduction of V2O5, which was identified by XRD 
(cf. section 4.2.2.2.2), takes place in three steps as well.[103] They observed that the 
first peak occurs on reduction of V2O5 to V6O13, whereas the second peak results 
from the reduction to VO2. The third peak is related to the complete reduction to V2O3. 
However, the reduction of VO2 to V2O3 takes only place at higher temperature 
(780 °C).[103] Thus, the third reduction band obtained for the SbVO0.6 (KATSG6) 
catalyst may be related to the reduction of the SbVO4 mixed phase. The reductivity of 
latter was studied by Irigoyen et al.[104] They report that SbVO4 is reduced in two 
steps at 700 °C and 760 °C respectively. That supports our findings. 
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Figure 61: TPR profile of the calcined SbVO0.6 (KATSG6). 
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4.2.2.3 Additional Ammoxidation Catalysts 
In addition to the SbFeO and SbVO mixed oxides, other catalysts known from 
literature for ammoxidation reactions were synthesized (pure MoO3 (KATSG9), 
30 wt.% MoO3/TiO22 (KATCL209), MoVSbO/SiO23 (KATPS12)). These catalysts were 
characterized by nitrogen physisorption, X-ray diffraction, X-ray photoelectron 
spectroscopy and temperature programmed reduction. The results will be presented 
in the subsequent subchapters. 
4.2.2.3.1 Nitrogen Physisorption 
The textural properties of the additional ammoxidation catalysts have been studied by 
nitrogen physisorption. The results of the measurements are depicted in Table 16. 
From the results for the calcined catalysts depicted in lines one, three and five in 
Table 16 one can see that pure MoO3 (KATSG9)shows the smallest specific surface 
area (5 m2/g), whereas titania supported MoO3 (KATCL209) exhibits a more than ten 
times larger surface area (58 m2/g) which was expected with respect to the surface 
area of the bare TiO2 support (107 m2/g). The antimony molybdenum vanadium 
mixed oxide supported on silica (KATPS12) shows a moderate specific surface area 
(18 m2/g). The results obtained for the pore volume follow a similar trend. The pore 
volume increases from 0.015 cm³/g (pure MoO3, KATSG9) over 0.074 cm³/g 
(MoVSbO/SiO2, KATPS12) to 0.20 cm³/g (MoO3/TiO2, KATCL209). 
The influence of the reaction conditions on the textural properties has been studied 
as well. The results of the spent catalysts are shown in lines two, four and six in 
Table 16. The specific surface area decreased for all catalysts during the reaction, 
reaching 2 m2/g (pure MoO3, KATSG9), 17 m2/g (MoVSbO/SiO2, KATPS12) and 
44 m2/g (MoO3/TiO2, KATCL209) after test (5 m2/g, 18 m2/g and 58 m2/g for the 
calcined catalysts). However, for KATPS12 the decrease is negligible. Nevertheless, 
this decrease was ascribed to formation of carbonaceous species in the pores of the 
catalyst. Thus, the pore volume decreased also under reaction conditions for pure 
MoO3 (KATSG9) and MoO3/TiO2 (KATCL209), whereas a slight increase was 
observed for MoVSbO/SiO2 (KATPS12). 
                                            
2 Hombikat Typ II TiO2 support 
3 Ludox SiO2 support 
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Table 16: Textural properties of the calcined and spent additional catalysts. 
No. Catalystno. Catalyst Condition 
SBET, 
m2/g 
VP, 
cm3/g 
1 KATSG9 MoO3 Calcined 5 0.015 
2 KATSG9 MoO3 Spent 2 0.007 
3 KATCL209 MoO3/TiO2 Calcined 58 0.20 
4 KATCL209 MoO3/TiO2 Spent 44 0.17 
5 KATPS12 MoVSbO/SiO2 Calcined 18 0.074 
6 KATPS12 MoVSbO/SiO2 Spent 17 0.084 
Catalysts mentioned in line 2,4 and 6 spent at: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in 
water), NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h. 
4.2.2.3.2 X-ray Diffraction 
The X-ray diffraction result of the MoO3/TiO2 (KATCL209) catalyst is illustrated in 
Figure 62. The characteristic reflections of MoO3 were identified at 2θ = 12.7°, 23.3° 
and 27.3° and attributed to the (020), (110) and (021) planes (JCPDS #35-0609). 
Those for anatase4 TiO2 at 25.3° ((101) plane) and 48° ((200) plane) (JCPDS #65-
5714). 
                                            
4 Hombikat Typ II TiO2 support was used for the synthesis of this catalyst. 
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Figure 62: XRD pattern of the calcined 30 wt.% MoO3/TiO2 catalyst (KATCL209). 
 
Figure 63 shows the XRD pattern of the MoVSbO/SiO2 catalyst (KATPS12). Only the 
characteristic reflections of the MoO3 phase were identified at 2θ = 12.7°, 23.3° and 
27.3° and attributed to the (020), (110) and (021) planes (JCPDS #35-0609) most 
likely due to the excess in molybdenum in the catalyst composition 
(Mo/V/Sb = 3/1/0.5). It is also possible that mixed oxides of the aforementioned 
elements are not included in the database used for the identification of the crystal 
phases and therefore were not determined in the XRD pattern. 
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Figure 63: XRD pattern of the calcined MoVSbO/SiO2 catalyst (molar Mo/V/Sb ratio = 3/1/0.5, 
KATPS12). 
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The XRD pattern of the MoO3 catalyst (KATSG9) is illustrated in Figure 64. As 
expected, the characteristic peaks of MoO3 were identified at 2θ = 12.7°, 23.3° and 
27.3° and attributed to the (020), (110) and (021) planes (JCPDS #35-0609). Thus, 
one can conclude that the desired MoO3 phase is formed during the calcination of the 
catalyst precursor (ammonium heptamolybdate). 
10 20 30 40 50 60 70 80
♣
♣
♣
♣
♣
♣
In
te
ns
ity
	  (
a.
u.
)
2 	  T heta 	  (° )
♣	  MoO
3
♣
	  
	  
 
Figure 64: XRD pattern of calcined pure MoO3 catalyst (KATSG9). 
4.2.2.3.3 X-ray Photoelectron Spectroscopy 
The XPS results of the calcined MoO3/TiO2 catalyst (KATCL209) are shown in Table 
17. 
 
Table 17: Surface analysis results of the calcined MoO3/TiO2 catalyst (KATCL209). 
Catalyst 
(Catalystno.) 
Binding energy, eV Atomic conc., % Atomic ratio 
Mo3d5/2 
Mo5+ Mo6+ Mo5+/Mo6+ 
Mo5+ Mo6+ 
30% MoO3/TiO2 
(KATCL209) 
231.2 232.5 14.1 85.9 0.16 
 
From the results one can see that molybdenum is present in the oxidation states 5+ 
and 6+. However, Mo6+ is the predominant molybdenum species present at catalyst 
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surface. It is possible that a TiMo mixed phase was synthesized which may explain 
the presence of Mo5+. 
Table 18 depicts the results obtained by X-ray photoelectron spectroscopy of the 
calcined molybden vanadium antimony mixed oxide (KATPS12). 
 
Table 18: Surface analysis results of the calcined MoVSbO/SiO2 catalyst (KATPS12). 
Catalyst 
(Catalystno.) 
Binding energy, eV Atomic conc., % 
Mo3d5/2 V2p3/2 Sb3d5/2 
Mo V Sb 
(Mo6+) (V4+) (V5+) (Sb5+) 
MoVSbO/SiO2 
(KATPS12) 
233.0 516.3 517.8 531.5 5.4 2.2 1.6 
 
The oxidation state of molybdenum was identified as 6+ at the surface of the catalyst 
which was ascribed to MoO3 as identified by XRD (cf. section 4.2.2.3.2). Vanadium is 
present in the oxidation states 4+ and 5+ and antimony was detected as Sb5+. The 
Mo/V/Sb ratio at surface is 5.4/2.2/1.6. Therefore, slight differences with respect to 
the bulk Mo/V/Sb ratio of 3/1/0.5 were determined. Thus, the results indicate that the 
surface of the catalyst was enriched in vanadium and antimony. From the oxidation 
states of antimony and vanadium one could suggest that the SbVO4 mixed phase, 
which was the active phase in SbVO catalysts, is also present at the surface of the 
MoVSbO mixed oxide (KATPS12, cf. section 4.2.2.2.3). However, this hypothesis is 
not supported by the results obtained by X-ray diffraction (cf. section 4.2.2.3.2), 
supposedly easily, due to its characteristic as bulk-sensible technique. 
 
Finally, the XPS results of the pure MoO3 catalyst (KATSG9) are given in Table 19. 
 
Table 19: Surface analysis results of the calcined MoO3 catalyst (KATSG9). 
Catalyst 
(Catalystno.) 
Binding energy, eV Atomic conc., % Atomic ratio 
Mo3d5/2 
Mo5+ Mo6+ Mo5+/Mo6+ 
Mo5+ Mo6+ 
MoO3 
(KATSG9) 
231.0 232.7 1.4 98.6 0.01 
 
From the results of the MoO3 catalyst one can see that molybdenum is present in the 
5+ and 6+ oxidation states. However, only traces of Mo5+ were determined 
(Mo5+/Mo6+ = 0.01). 
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4.2.2.3.4 Temperature Programmed Reduction 
The reducibility of the MoO3/TiO2 (KATCL209) and MoVSbO/SiO2 (KATPS12) 
catalysts has been investigated by H2-TPR. Figure 65 depicts the H2-TPR profile of 
the titania-supported MoO3 catalyst (KATCL209), showing a reduction band at 
approximately 520 °C. Similar results were observed by Maity et al. who studied the 
reducibility of titania-supported molybdenum catalysts as well.[105] However, Maity et 
al. did not distinguish whether the reduction band is assigned to a reduction of MoO3 
or TiO2, but one can safely assume that the H2 consumption was due to the reduction 
of molybdenum. 
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Figure 65: TPR profile of the calcined 30 wt.% MoO3/TiO2 catalyst (KATCL209). 
 
The H2-TPR profile of the MoVSbO/SiO2 catalyst (KATPS12) is given in Figure 66. 
Three reduction bands at 540 °C, 630 °C and 660 °C respectively were recorded. 
However, it is difficult to determine which reduction processes take place at the 
corresponding temperature for this kind of multi-component catalyst as no literature 
data of similar catalysts was found. Nevertheless, as XRD showed the highest 
intensity for the MoO3 phase (cf. section 4.2.2.3.2), it can be assumed that the 
reduction band at 540 °C can be assigned to the reduction of MoO3 to MoO2. 
However, different values can be found in literature. For example, Chary reported 
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that the reduction takes place at around 660 °C.[106] Consequently, we can not clearly 
distinguish from the obtained results which reduction band is related to the reduction 
of MoO3. A more detailed study would be necessary. 
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Figure 66: TPR profile of the calcined MoVSbO/SiO2 catalyst (molar Mo/V/Sb ratio = 3/1/0.5, 
KATPS12). 
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4.2.3 Results 
4.2.3.1 Preliminary Experiments 
At first, a so-called blank test was carried out without catalyst in order to determine if 
thermal activation takes place. A marginal acrolein conversion of 3 % was observed 
during the reaction. As this result is within the accuracy limitations of the analytics 
and the experimental setup it is possible that acrolein was not converted during the 
blank test. Furthermore, no acrylonitrile was formed. Thus, it was concluded that 
neither thermal activation took place nor the reactor material (stainless steel) 
exhibited any catalytic activity on the reactants. 
 
The reproducibility of the acrolein conversion and selectivity towards the desired 
product was studied by conducting three experiments under identical reaction 
conditions (same catalyst batch (KATSG7), identical reaction parameters) on three 
consecutive days. The results obtained for the acrolein conversion and acrylonitrile 
selectivity are presented in Figure 67. 
Results and Discussion 
 93 
C L 	  241 C L 	  242 C L 	  243
0
10
20
30
40
50
60
70
80
90
100
S
el
ec
tiv
ity
	  a
nd
	  C
on
ve
rs
io
n	  
(%
)
E xperiment
	  S e lec tiv ity
	  C onvers ion
	  
	  
 
Figure 67: Investigation of the reproducibility of selectivity and conversion; Reaction 
conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1.5, O2/AC 
ratio = 3.5, mCatalyst = 5 g, catalyst = SbFeO0.6 (KATSG7, batch 4), contact time = 0.11 s, 
TOS = 5 h. 
 
One can see from the results that the conversion rate as well as the selectivity varies 
in an insignificant extent (CL 241 X = 81 %, S = 35 %; CL 242 X = 79 %, S = 36 %; 
CL 243 X = 78 %, S = 40 %). The results are within the frame of the measurement 
error. A standard deviation of 2.2 % was recorded for the selectivity towards ACN, 
whereas the standard deviation for the AC conversion was 1.3 %. Thus, the results 
imply that the reproducibility reaches an acceptable level. 
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In the next step, experiments were carried out to determine if internal diffusion 
limitations are present, meaning that the acrolein conversion might be influenced by 
the particle size of the catalyst (KATSG7). Therefore, the particle size was reduced 
from standard size (0.5 - 1 mm) to 0.25 - 0.5 mm while all other parameters were 
kept constant. The results are depicted in Figure 68. 
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Figure 68: Investigation of possible internal diffusion limitations; Reaction conditions: 
T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1.5, O2/AC ratio = 3.5 
mCatalyst = 5 g, catalyst = SbFeO0.6 (KATSG7, batch 4), contact time = 0.11 s, TOS = 5 h. 
 
The conversion remained unchanged for both particle sizes (70%). Thus, it was 
concluded that no diffusion limitations exist within the investigated particle size range 
and that a particle size of 0.5 - 1 mm can be used for the ammoxidation of acrolein to 
acrylonitrile, which is notably favorable in terms of pressure-drop. Nevertheless, 
further investigations with more particle sizes should be done to verify this finding. 
Afterwards, the existence of hot spots in the catalyst bed was investigated by diluting 
the catalyst (KATSG7) with inert carborundum (5 g catalyst, ∅ 1 – 0.5 mm + 5 g 
carborundum, ∅ 0.99 mm). By diluting the catalyst the reaction zone is stretched as 
the catalyst particles are dispersed in a bigger volume of the reactor. Thereby, the 
effect of hot spots can be reduced. Hot spots may cause an increase of acrolein 
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conversion or affect the selectivity towards the desired product acrylonitrile as it might 
be decomposed due to the increased temperature in the hot spots. The results of a 
reference experiment with 5 g catalyst (KATSG7) and the test with the diluted 
catalyst bed are given in Figure 69. 
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Figure 69: Investigation of possible hot spots in the catalyst bed; Reaction conditions: 
T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1.5, O2/AC ratio = 3.5 
mCatalyst = 5 g, catalyst = SbFeO0.6 (KATSG7, batch 4), contact time = 0.11 s, TOS = 5 h. 
 
The conversion remained stable at 70 % for both experiments, whereas the 
selectivity towards ACN was slightly higher for the test with carborundum (54 % 
without vs. 58 % with carborundum), but remains within the accuracy of the results. 
Thus, it was concluded that no hot spots occur under reaction conditions as the 
results obtained for the selectivity towards ACN are within the accuracy limitations of 
the setup. However, as it was already mentioned for the investigation of diffusion 
limitations, it is suggested to carry out additional experiments to confirm the 
aforementioned results. Additionally, it has to be pointed out that the differences in 
selectivity and conversion obtained over the same catalyst at identical reaction 
conditions as shown in Figure 67, Figure 68 and Figure 69 are most likely due to a 
change in the calibration of the used GC analysis. 
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In order to determine suitable reaction conditions applied for a catalyst screening in 
the ammoxidation of acrolein, the reaction temperature and the NH3/AC ratio were 
varied as these parameters have a key role in the ammoxidation of AC. A 30 wt.% 
MoO3 supported on TiO2 (KATCL209) was used as a catalyst for both series of 
experiments. This catalyst was used, as it is well known from the literature to show 
good performance in the ammoxidation of acrolein. Nevertheless, it has to be pointed 
out that the reaction conditions which show good performance for this catalytic 
system are not necessarily favorable for other catalysts. Figure 70 shows the 
influence of the variation of the reaction temperature on the acrolein conversion as 
well as the selectivity towards the desired product acrylonitrile. 
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Figure 70: Influence of reaction temperature on selectivity and conversion; Reaction conditions: 
acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 0.5, mCatalyst = 5 g, 
catalyst = 30 wt.% MoO3/TiO2 (KATCL209), TOS = 5 h. 
 
The conversion increased significantly with an increasing reaction temperature and 
reaches a maximum of 93 % at 450 °C. No ACN is formed at 250 °C and only traces 
of the desired product were found at 300 °C. Thereafter, the selectivity increased 
significantly at 350 °C reaching 27 %. Afterwards, the selectivity increased somewhat 
at a reaction temperature of 400 °C (30 %) but then dropped to 24 % at 450 °C. 
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Therefore, a reaction temperature of 400 °C was chosen for the preliminary variation 
of the molar NH3/AC ratio as displayed in Figure 71. 
0.5 1 1.5
0
10
20
30
40
50
60
70
80
90
100
S
el
ec
tiv
ity
	  a
nd
	  C
on
ve
rs
io
n	  
(%
)
N H
3
/AC 	  ra tio	  (mola r)
	  S e lec tiv ity
	  C onvers ion
	  
	  
 
Figure 71: Influence of NH3/AC molar ratio on selectivity and conversion; Reaction conditions: 
T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), O2/AC ratio = 0.5, mCatalyst = 5 g, 
catalyst = 30 wt.% MoO3/TiO2 (KATCL209), TOS = 5 h. 
 
The conversion improved almost linearly with an increasing NH3/AC ratio from 71 % 
(NH3/AC = 0.5) over 84 % (NH3/AC = 1) to 97 % (NH3/AC =1.5). In contrast, the 
selectivity towards ACN showed a maximum of 34 % at a NH3/AC ratio of 1, thus 
leading to the decision to apply the stoichiometric ratio of 1 for the catalyst screening. 
The rising AC conversion as well as the decreasing selectivity towards ACN may be 
explained by an increasing polymerization of acrolein for high NH3/AC ratios even 
though acetic acid was injected directly after the catalyst bed. 
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Therefore, the reaction parameters used for the catalyst screening were defined as 
depicted in Table 20. 
 
Table 20: Reaction parameters for the catalyst screening. 
Parameter Value 
Reaction temperature 400 °C 
Amount of catalyst 5 g 
Particle size 1 - 0.5 mm 
Composition AC feed 7.1 wt.% in water 
AC flow rate 48 g/h 
NH3/AC ratio 1 
O2/AC ratio 0.5 
Residence time 0.12 s 
Pressure Atmospheric 
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4.2.3.2 Catalyst Screening 
As already shown in chapter 3, the ammoxidation of acrolein into acrylonitrile can be 
achieved over a variety of different mixed oxides as for example catalysts containing 
antimony, vanadium, iron or molybdenum. In this thesis, the catalytic performance of 
antimony vanadium as well as antimony iron mixed oxides with different molar ratios 
has been investigated. Furthermore, additional ammoxidation catalysts (pure MoO3, 
30 wt.% MoO3/TiO2, MoVSbO/SiO2, FeBiPO, MoVTeNbO) known from the literature 
have been studied. 
4.2.3.2.1 Screening of Antimony Iron Mixed Oxides 
Four antimony iron mixed oxides were synthesized with bulk Sb/Fe ratios of 0.4, 0.6, 
0.8 and 1.0 (KATSG10, KATSG7, KATPS4 and KATPS5). The results of the 
screening of the antimony iron mixed oxides are given in Figure 72. 
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Figure 72: Influence of Sb/Fe molar ratio on selectivity, conversion and yield; Reaction 
conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC 
ratio = 0.5, mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h; Catalysts: KATSG10, KATSG7, 
KATPS4, KATPS5. 
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In terms of acrolein conversion, no obvious trend can be noticed. The highest 
conversion of 80 % was observed for the catalyst with a molar Sb/Fe ratio of 0.8. For 
the catalysts with molar ratios of 0.6 and 1.0, the catalytic activity was slightly lower, 
55 % and 58 %, respectively. However, the conversion obtained with the catalyst with 
a molar Sb/Fe ratio of 0.4 was 70 %, namely the second best performance of the 
series. The yield in ACN was constant at 15 % for the SbFeO0.4 and the SbFeO0.6. 
Afterwards, it reaches its maximum with 25 % for the catalyst with a Sb/Fe molar ratio 
of 0.8. Thereafter, the yield drops to its minimum of 10 % for the catalyst with 
equimolar Sb/Fe ratio. 
With respect to the nitrogen physisorption results observed for those catalysts, one 
can see that the AC conversion follows the same trend as the surface area 
(cf. section 4.2.2.1.1) of the SbFeO catalysts with molar ratios of 0.6 (KATSG7, 
24 m2/g), 0.8 (KATPS4, 32 m2/g) and 1.0 (KATPS5, 19 m2/g). However, the 
conversion for the SbFeO0.4 (KATSG10, 20 m2/g) does not fit into this series as the 
catalytic conversion of SbFeO0.4 (KATSG10) is the second highest conversion of all 
the tested SbFeO catalysts (70 %). No explanation for this trend can be given from 
the characterization results. Therefore, the experiment with SbFeO0.4 (KATSG10) 
may be repeated in order to verify the catalytic performance. Furthermore, the 
obtained yield in ACN does not directly correlate with the observed development of 
the surface area of the catalyst either. However, the catalyst with the highest surface 
area (SbFeO0.8, KATPS4) provides the highest yield in ACN. Nevertheless, it is not 
clear whether a high specific surface is crucial for high catalytic performance. 
It was observed that the selectivity towards ACN increased during the first 3 hours of 
time on stream for the SbFeO catalysts with molar ratios of 0.6 (KATSG7), 0.8 
(KATPS4) and 1.0 (KATPS5), whereas the selectivity even decreased over time in 
the experiment with SbFeO0.4 (KATSG10) as illustrated in Figure 73. 
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Figure 73: ACN selectivity over TOS; Reaction conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 
wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 0.5, mCatalyst = 5 g, contact time = 0.12 s; Catalysts: 
SbFeO0.4 (KATSG10), SbFeO0.6 (KATSG7), SbFeO0.8 (KATPS4) and SbFeO1.0 (KATPS5). 
 
This behaviour can directly be correlated with the in situ formation of the crystalline 
FeSbO4 phase as observed by XRD and XPS for the SbFeO0.6 (KATSG7). In 
contrast, the FeSbO4 phase was not synthesized under reaction conditions for the 
SbFeO0.4 (KATSG10) – most likely due to the low antimony content in the bulk, 
making the in-operando formation impossible (cf. section 4.2.2.1.2), thus explaining 
the decrease in ACN selectivity in this case. 
With respect to the XPS results of the SbFeO catalysts, no direct correlation between 
the AC conversion and the Sb/Fe surface ratio can be found. From research on the 
ammoxidation of propene and propane it is known that the role of antimony is the 
activation of the hydrocarbon.[107] Additionally, it is reported that excess in antimony 
at the catalyst surface improves the selectivity to ACN.[91, 107] Though, it is noteworthy 
that the results obtained in our study do not confirm this suggestion. The SbFeO0.8 
(KATPS4) and SbFeO1.0 (KATPS5) showed excess in antimony at the surface 
(cf. section 4.2.2.1.3). However, only the SbFeO0.8 (KATPS4) exhibited a good 
selectivity in ACN (31 %) whereas the SbFeO1.0 (KATPS5) showed the lowest 
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selectivity towards the desired product ACN of all tested antimony iron mixed oxides 
(17 %). 
4.2.3.2.2 Screening of Antimony Vanadium Mixed Oxides 
The antimony vanadium molar ratios of the SbVO catalysts were chosen in the same 
way as for the SbFeO catalysts. Thus, four mixed oxides with molar ratios of 0.4, 0.6, 
0.8 and 1.0 (KATSG11, KATSG6, KATPS3 and KATPS1) were synthesized and 
tested. The results are depicted in Figure 74. 
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Figure 74: Influence of Sb/V molar ratio on selectivity, conversion and yield; Reaction 
conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC 
ratio = 0.5, mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h; Catalysts: KATSG11, KATSG6, 
KATPS3, KATPS1) 
 
No clear correlation between the acrolein conversion and the molar Sb/V ratio was 
observed. The highest catalytic conversion of 81 % was observed for the catalyst 
with a molar Sb/V ratio of 0.4 (KATSG11). Thereafter, the conversion rate drops to 
66 % for the SbVO0.6 catalyst (KATSG6). The antimony vanadium mixed oxide with 
a molar ratio of 0.8 (KATPS3) exhibited the second best conversion rate of 75 %, 
whereas the equimolar SbVO (KATPS1) showed the lowest acrolein conversion 
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(62 %) of all tested antimony vanadium mixed oxides. As already mentioned for the 
antimony iron mixed oxides, it has to be considered to repeat the experiment with 
SbVO0.6 (KATSG6), as the observed decrease of the conversion cannot be 
explained by the characterization results. The yield towards ACN is very similar for all 
SbVO catalysts. The yield in ACN was constant at 12% for the catalysts with molar 
ratios of 0.4 (KATSG11) and 0.6 (KATSG6). Afterwards, the yield drops to 11 % for 
the antimony vanadium mixed oxide with a molar ratio of 0.8 (KATPS3). The 
SbVO1.0 catalyst (KATPS1) showed the lowest yield in acrylonitrile of 10 %. These 
variations are negligible as they are within accuracy range of the experimental setup. 
With respect to the results obtained by nitrogen physisorption for the SbVO catalysts 
(cf. section 4.2.2.2.1), one can see no relation between the observed acrolein 
conversion and the specific surface area of the catalyst. Even though SbVO0.8 
(KATPS3, 2 m2/g) and SbVO1.0 (KATPS1, 4 m2/g) show significantly lower surface 
areas than the antimony vanadium mixed oxides with molar ratios of 0.4 (KATSG11, 
13 m2/g) and 0.6 (KATSG6, 16 m2/g), the conversion observed for SbVO0.8 
(KATPS3) was the second best with 75 %. 
Furthermore, the X-ray diffraction measurements of the calcined catalyst samples 
(cf. section 4.2.2.2.2) give no indication that would allow a correlation between the 
identified crystal phases and the performance of the catalysts. The XRD and XPS 
(cf. sections 4.2.2.2.2 and 4.2.2.2.3) of the spent SbVO catalyst with a molar ratio of 
0.6 (KATSG6) showed that V2O5 forms an amorphous phase under reaction 
conditions and is not detectable after test by XRD. However, as the selectivity 
towards ACN increases slightly over TOS, it can be concluded that the V2O5 is not 
the active phase in the ammoxidation of acrolein. Thus, one can assume that SbVO4 
is the desirable phase as it was also observed by Nilsson et al. for the ammoxidation 
of propane.[101] 
Finally, the XPS results (cf. section 4.2.2.2.3) do not reveal a reliance between the 
surface Sb/V ratio and the acrolein conversion rate as well as the selectivity towards 
the desired product acrylonitrile. 
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4.2.3.2.3 Screening of Additional Ammoxidation Catalysts 
Besides the aforementioned antimony iron and antimony vanadium mixed oxides, 
additional catalysts were tested in the ammoxidation of acrolein. The catalysts were 
based mainly on molybdenum. However, a bismuth iron phosphorus mixed oxide was 
used as well. The results are presented in Figure 75. 
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Figure 75: Selectivity, conversion and yield over different additional mixed oxide catalysts; 
Reaction conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, 
O2/AC ratio = 0.5, mCatalyst = 5 g, contact time = 0.12 s, TOS = 5 h; catalysts: KATSG9, KATCL209, 
KATPS12, KATSG4, KATSG5. 
 
The multi component catalyst made of Mo, V, Te and Nb (KATSG4) showed a poor 
yield in acrylonitrile of only 1 %. The BiFePO mixed oxide (KATSG5) used for the 
ammoxidation of acrolein reached a yield in ACN of 11 %. This result is considerably 
lower than the yield observed by Oka et al. (44 %).[84] However, this might be related 
to the different reaction parameters used by Oka et al. (high excess of NH3 and O2). 
Due to their rather poor performance, the aforementioned catalysts were not further 
characterized. 
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In contrast, the performances obtained over pure MoO3 (KATSG9), titania-supported 
MoO3 (KATCL209) and the MoVSbO mixed oxide (KATPS12) were significantly 
better. In terms of acrolein conversion, the MoO3/TiO2 (KATCL209) as well as the 
MoVSbO catalyst (KATPS12) showed similar conversion rates of 84 % and 85 % 
respectively. In the experiment with pure molybdenum oxide (KATSG9), 60 % 
acrolein conversion was observed which could be related to the comparatively low 
specific surface area of this catalyst [5 m2/g compared to 58 m2/g (MoO3/TiO2, 
KATCL209) and 18 m2/g (MoVSbO, KATPS12)]. The highest yield in acrylonitrile of 
this series of catalysts was obtained for the titania-supported molybdenum oxide 
(KATCL209, 28 %). However, the MoVSbO (KATPS12, 23 %) and MoO3 (KATSG9, 
17 %) catalysts reached good performances as well. The results imply that the MoO3 
phase, which was identified by XRD in all three catalysts, is favorable for the 
ammoxidation of acrolein (cf. section 4.2.2.3.2). 
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4.2.3.3 Best Catalysts for the Ammoxidation of Acrolein 
Figure 76 summarizes the results obtained for the best catalysts during the catalyst 
screening for the ammoxidation of acrolein. 
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Figure 76: Selectivity, conversion and yield over the five best catalysts of the catalyst 
screening for the ammoxidation of acrolein; Reaction conditions: T = 400 °C, acrolein 
flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 0.5, mCatalyst = 5 g, contact 
time = 0.12 s, TOS = 5 h. 
 
The results imply that especially molybdenum, antimony and iron are favorable 
compounds of mixed oxides used for the ammoxidation of acrolein under the applied 
reaction conditions. As only a 30 wt.% MoO3/TiO2 catalyst (KATCL209) was tested in 
this study, a further investigation with different MoO3 loadings may be of high interest. 
Generally, it can be concluded that the abovementioned catalytic systems showed 
good and comparable catalytic performances in the ammoxidation of acrolein even 
though the chemical properties are quite different. However, due to the limited 
literature available dealing with the ammoxidation of acrolein over these catalysts, no 
explanation can be given. 
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4.2.3.4 Design of Experiments 
As the results of the catalyst screening were promising, a design of experiments 
(DoE) was carried out with Design-Expert, Version 5.0.8, Stat-Ease Inc. in order to 
optimize the key reaction parameters - reaction temperature, catalyst amount in order 
to vary the contact time, NH3/AC molar ratio and O2/AC molar ratio - for one catalyst 
of the five best catalysts for the ammoxidation of acrolein. The antimony iron mixed 
oxide catalyst with a molar Sb/Fe ratio of 0.6 (KATSG7) was chosen for the 
parameter optimization as it exhibited medium values in terms of selectivity towards 
ACN (28 %) and conversion of acrolein (54 %), therefore, being suitable for studying 
the influence of the parameters on the ACN selectivity as well as the AC conversion. 
The SbFeO0.8 catalyst (KATPS4) as well as titania-supported MoO3 catalyst 
(KATCL209) were not selected for the DoE as they already showed a high AC 
conversion and therefore indicate less room for improvements in terms of catalytic 
activity compared to the SbFeO0.6 (KATSG7) catalyst. However, normally the best 
catalyst from the catalyst screening is chosen for the experimental design. 
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The variation limits of the used parameters are depicted in Table 21. 
 
Table 21: Variation limits for parameter optimization with SbFeO0.6 
Parameter Value 
Reaction temperature 350 °C - 450 °C 
Amount of catalyst 2 g - 8 g 
NH3/AC molar ratio 0.5 - 1.5 
O2/AC molar ratio 0.5 - 6.5 
 
Figure 77 shows the influence of the reaction temperature and the catalyst amount 
on the conversion of AC. 
 
 
Figure 77: AC conversion as function of the reaction temperature and the catalyst amount; 
Reaction conditions: acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 
3.5, catalyst = SbFeO0.6 (KATSG7), TOS = 5 h. 
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From this figure one can see that the acrolein conversion increases as expected with 
the amount of catalyst and the reaction temperature, reaching up to 82 % for 6.5 g of 
catalyst at 425 °C. Hence, we can conclude that either an increasing surface area 
(more catalyst = more catalytic surface) or higher residence times are favorable to 
improve the conversion. 
The influence of the variation of the molar O2/AC ratio as well as the NH3/AC ratio on 
the acrolein conversion is given in Figure 78. 
 
 
Figure 78: AC conversion as function of the molar O2/AC and the NH3/AC ratios; Reaction 
conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), mCatalyst = 5 g, 
catalyst = SbFeO0.6 (KATSG7), TOS = 5 h. 
 
The conversion rate of AC increased with the O2/AC and NH3/AC ratios. The highest 
acrolein conversion (88 %) was obtained for an O2/AC molar ratio of 5 and a NH3/AC 
molar ratio of 1.5. As already observed for the reaction temperature as well as the 
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catalyst amount, increasing O2/AC ratios and NH3/AC ratios improve the acrolein 
conversion. However, the increased conversion may be caused by polymerization 
(high NH3/AC ratios) or burning of AC (high O2/AC ratios). 
The influence of the variation of the reaction temperature and the catalyst amount on 
the selectivity towards ACN is depicted in Figure 79. 
 
 
Figure 79: ACN selectivity as function of the reaction temperature and the catalyst amount; 
Reaction conditions: acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 
3.5, catalyst = SbFeO0.6 (KATSG7), TOS = 5 h. 
 
At a reaction temperature of 375 °C and a low catalyst mass of 3.5 g, the selectivity 
exhibited its overall minimum of 15 %. In relation to the reaction temperature and the 
catalyst amount, the best selectivity of 30 % was achieved at 400 °C with 5 g of 
catalyst. However, the selectivity shows a plateau at around 400 °C, whereby similar 
selectivity to ACN (around 30 %) is achieved for catalyst amounts from 5.0 to 6.5 g. 
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Thus, it was indicated that residence times from 0.11 s to 0.15 s result in similar 
selectivity to the desired product ACN. 
Figure 80 displays the results of the variation of the molar O2/AC ratio as well as the 
NH3/AC ratio. 
 
 
Figure 80: ACN selectivity as function of the molar O2/AC and the NH3/AC ratios; Reaction 
conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), mCatalyst = 5 g, 
catalyst = SbFeO0.6 (KATSG7), TOS = 5 h. 
 
The variation of the O2/AC ratio shows an optimum for the selectivity to ACN at a 
molar ratio of 3.5, irrespective of the NH3/AC ratio. This value is seven times larger 
than the stoichiometric ratio of oxygen. However, it is reported in the literature that 
O2/AC molar ratios up to 10 can be applied.[108] No absolute optimum in terms of 
ACN selectivity was observed for the variation of the NH3/AC ratio. The selectivity 
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increased linearly with a rising amount of NH3 leading to the assumption that the 
selectivity to ACN can still be improved by applying higher NH3/AC ratios. 
For further determination of the observed positive effect of higher NH3/AC ratios, 
additional tests were carried out with molar ratios higher than 1.5, while keeping the 
other parameters constant (reaction temperature: 400 °C; catalyst amount: 5 g; 
O2/AC ratio: 3.5). The results are shown in Figure 81. 
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Figure 81: Influence of the NH3/AC molar ratio on the selectivity, conversion and yield; 
Reaction conditions: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), O2/AC ratio = 3.5, 
mCatalyst = 5 g, catalyst = SbFeO0.6 (KATSG7), TOS = 5 h. 
 
For NH3/AC ratios higher than 1.5, the conversion increased from 81 % to 88-89 %, 
while the ACN selectivity dropped from 44 % to 34 % ±1 %. This leads to a lower 
yield in ACN with a decrease from 36 % for an NH3/AC molar ratio of 1.5 to 29 % for 
an NH3/AC molar ratio of 2. It can be assumed that the increasing AC conversion is 
caused by an NH3-induced polymerization of acrolein as described in the 
literature.[109, 110] As reported by Hank et. al., even small amounts of NH3 (AC/NH3 
molar ratio 10000) are sufficient to promote a polymerization of acrolein.[110] Thus, an 
NH3/AC molar ratio of 1.5 was kept as the optimal one. 
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After the reaction screening for the purpose of complying with the design of 
experiments needs for parameters scanning was completed, point prediction was 
conducted in order to control if the predicted catalytic performance for the optimized 
reaction parameters (reaction temperature of 400 °C, 5.0 g of catalyst, O2/AC ratio of 
3.5, NH3/AC ratio of 1.5) fits the results of the real experiment under these reaction 
conditions. Table 22 depicts the catalytic performance obtained in the experiment 
and the AC conversion, ACN selectivity and ACN yield predicted by the statistical 
software for the optimized parameters. From the results, one can see that the 
catalytic performance experimentally obtained is slightly higher than the performance 
suggested by the software (36 % yield vs. 31 % yield). Nevertheless, the difference is 
negligible, as the yield observed in the experiment is within the accuracy limitations of 
the prediction (5 % standard error). 
 
Table 22: Comparison of predicted and real results for optimized parameters. 
Catalyst Experiment 
Conversion, % Selectivity, % Yield, % 
ACN ACN ACN 
Sb/Fe0.6 predicted 81 37 31 
Sb/Fe0.6 measured 84 44 36 
Reaction temperature 400 °C, catalyst amount 5.0 g, reactant ratio O2/AC 3.5, NH3/AC 1.5, 
TOS = 5 h 
 
 
Table 23 shows the values of the varied parameters before and after the 
experimental design. 
 
Table 23: Key parameters before and after experimental design. 
Parameter Value before DoE Value after DoE 
Reaction temperature 400 °C 400 °C 
Catalayst amount 5 g 5 g 
O2/AC ratio 0.5 3.5 
NH3/AC ratio 1 1.5 
 
The improvements achieved by optimizing the reaction parameters are presented in 
Figure 82. 
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Figure 82: Selectivity, conversion and yield over SbFeO0.6 (KATSG7, batch 1 and 3) before and 
after parameter optimization; reaction conditions before: T = 400 °C, acrolein flow = 48 g/h (7.1 
wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact time = 0.12 s; reaction 
conditions after: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1.5, O2/AC 
ratio = 3.5, mCatalyst = 5 g, contact time = 0.11 s, TOS = 5 h. 
 
The acrolein conversion (54 % before vs. 81 % after DoE) as well as the selectivity 
towards the desired product acrylonitrile (28 % before vs. 44 % after DoE) were 
improved significantly. Thus, the yield in ACN was more than doubled (15 % before 
vs. 36 % after DoE). 
After the experimental design, the four remaining catalysts of the best catalysts for 
the ammoxidation of acrolein were tested under the optimized reaction conditions in 
order to investigate the influence of the parameter changes on their catalytic 
performance. The results are shown in Figure 83. However, it has to be noted that 
the conditions optimized for one catalyst can be different for other types of catalysts. 
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Figure 83: Selectivity and conversion over the five best catalysts of the catalyst screening 
before and after the parameter optimization; reaction conditions before: T = 400 °C, acrolein 
flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1, O2/AC ratio = 0.5 mCatalyst = 5 g, contact 
time = 0.12 s; reaction conditions after: T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), 
NH3/AC ratio = 1.5, O2/AC ratio = 3.5, mCatalyst = 5 g, contact time = 0.11 s, TOS = 5 h; Catalysts: 
KATSG9, KATCL209, KATPS12, KATPS4, KATSG7 (batch 1 and 3). 
 
The obtained catalysts can be divided into two groups: those which showed 
decreased performance with the optimized parameters and those exhibiting constant 
performance. Whereas the ACN selectivity obtained over the titania-supported MoO3  
(KATCL209) decreased by factor two under the new reaction conditions (34 % before 
vs. 17 % after DoE), whereas the acrolein conversion rate increased to almost 100 % 
conversion (84 % before vs. 99 % after DoE). The antimony iron mixed oxide with a 
molar Sb/Fe ratio of 0.8 (KATPS4) also showed a significantly decreased 
performance under the optimized reaction conditions. The yield in the desired product 
ACN dropped from 25 % to 12 %. 
In contrast, pure MoO3 (KATSG9) exhibited the same selectivity in ACN as for the 
previous reaction parameters (28 %) but showed an increased AC conversion (60 % 
before vs. 73 % after DoE). The catalytic performance over the MoVSbO catalyst 
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(KATPS12) remained unchanged. The same AC conversion (85 %) as well as ACN 
selectivity (28%) were observed in the experiment under new reaction conditions. 
Hence, the results confirm that the catalytic performance over the four additional 
catalysts either decreased or remained unchanged under the optimized reaction 
conditions. Therefore, it can be concluded that the experimental design methodology 
depends strongly on the used catalytic system. Consequently, an experimental 
design with the best catalysts of the screening (SbFeO0.8, KATPS4 and 30 wt.% 
MoO3/TiO2, KATCL209) should be considered for further investigations. 
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4.2.3.5 Influence of Water 
The influence of water on the catalytic performance of titania-supported MoO3 
(KATCL209) and SbFeO0.6 (KATSG7) has been investigated by using dry acrolein 
as feed and replacing the water by nitrogen (in order to maintain molar ratios and 
contact time) while keeping all other reaction parameters constant. For this purpose, 
a saturator was installed that was used to saturate nitrogen with the appropriate 
amount of acrolein. The saturator system is depicted in Figure 84. 
 
 
Figure 84: Saturator system used for the experiments without water. 
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The system consisted of two cooling traps made of glass that were connected in 
series. Both traps were filled with acrolein and put in a cooling bath to maintain the 
temperature (- 28 °C) needed to saturate the applied nitrogen feed with the 
appropriate amount of AC. 
Figure 85 shows the results obtained with and without water addition for the 
SbFeO0.6 catalyst (KATSG7). 
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Figure 85: Selectivity and conversion with and without water addition to the feed plotted over 
time on stream; Reaction conditions: T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5 
mCatalyst = 5 g, catalyst = SbFeO0.6 (KATSG7), contact time = 0.11 s. 
 
The acrolein conversion increased during the first three hours TOS from 73 % to 
87 % in the experiment without water addition. Afterwards, the conversion stabilized 
at 85 %. In contrast, the AC conversion decreased from 84 % (1 h) to 76 % (3 h) and 
remained constant until the end of the experiment when water was present in the 
feed solution. 
The acrylonitrile selectivity remained stable at 26 % in the beginning of the 
experiment without water and started to decrease after three hour on stream to 21 % 
ultimately.  
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In contrast, the presence of water significantly increased the selectivity steadily over 
time on stream towards the desired product acrylonitrile from 29 % (1 h) over 47 % 
(2 h) to 52 5 (3 h). Perhaps water plays a role in the in-situ formation of the desired 
FeSbO4 mixed phase. Therefore, a detailed XPS study of the catalyst spent in the 
absence and presence of water would be necessary to verify this suggestion. 
In addition to the SbFeO0.6 catalyst (KATSG7), the influence of water on the 
performance over TiO2-supported MoO3 (KATCL209) was also investigated. This 
type of catalyst is known from the literature to give high yields in ACN (> 70 %).[111] 
The results are given in Figure 86. 
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Figure 86: Selectivity and conversion with and without water addition to the feed plotted over 
time on stream; Reaction conditions: T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5 
mCatalyst = 5 g, catalyst = 30 wt.% MoO3/TiO2 (KATCL209), contact time = 0.11 s. 
 
The conversion of acrolein remained stable at 99 % during the ammoxidation over 
MoO3/TiO2 in the presence of water, whereas the AC conversion observed in the 
experiment without water was slightly lower (92 %) over five hours on stream. The 
selectivity in the experiment with water increased from 10 % (1 h) to 17 % (2 h). 
Afterwards, only a slight increase to 21 % after five hours on stream was observed. 
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The achieved ACN selectivity was considerably higher in the experiment with 
nitrogen instead of water addition, reaching a mean selectivity of 32 % over five 
hours TOS. 
However, the yield in ACN is still clearly lower as reported in the literature over 
similar catalysts (29 % vs. > 70 %).[111] Nevertheless, this difference may be caused 
also by the other reaction parameters in our case. 
With respect to the results obtained by several characterization methods, no 
explanation can be given for the better performance of SbFeO0.6 (KATSG7) in the 
presence of water and the positive effect of water absence for the supported MoO3 
(KATCL209) respectively. However, Saleh-Alhamed et al. also observed a positive 
effect of water for the selective oxidation of propene over a antimony tin vanadium 
mixed oxide.[112] They state that water increases the catalyst activity as well as 
suppresses further oxidation of oxygenates. The CO2 formation decreased 
consequently. Vapor is also a good heat carrier and helps to avoid hot spots. 
In case of SbFeO0.6 (KATSG7), the catalyst activity increased as well in the 
presence of water. Furthermore, it is possible that water blocks the sites at the 
surface of the catalyst that cause a decomposition of ACN into CO2. Thus, leading to 
the increased selectivity towards the desired product. However, a detailed study 
would necessary to verify this suggestion, as an adsorption of water at the applied 
reaction temperature (400 °C) would be surprising. 
In case of the MoO3/TiO2 system (KATCL209), neither the obtained characterization 
results nor the literature could give an explanation. 
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4.2.3.6 Long-term Stability 
The long-term performance of the SbFeO0.6 catalyst (KATSG7) has been 
investigated in a 24 hours experiment. The results are shown in Figure 87. 
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Figure 87: Selectivity and conversion plotted over time on stream; Reaction conditions: 
T = 400 °C, acrolein flow = 48 g/h (7.1 wt.% in water), NH3/AC ratio = 1.5, O2/AC ratio = 3.5 
mCatalyst = 5 g, catalyst = SbFeO0.6 (KATSG7), contact time = 0.11 s. 
 
The acrolein conversion stabilized at 86 % ±1 % after 3 hours on stream and 
remained constant until the end of the experiment. The selectivity towards 
acrylonitrile increased significantly from 19 % (1 h) to 40 % (2 h) in the beginning of 
the experiment, which was again explained by the in-situ formation of the FeSbO4 
mixed oxide. Afterwards, the selectivity increased slightly to 45 % (8 h) and remained 
nearly constant overnight reaching 43 % (23 h) and 46 % (24 h) at the end of the 
experiment. Thus, the long-term stability of the antimony iron mixed oxide with a 
molar ratio of 0.6 was clearly proven. 
Results and Discussion 
 122 
4.2.3.7 By-Products, Carbon and Mass- balance 
Due to technical limitations, analysis of the gaseous products as well as identification 
of by-products was only possible for few experiments. Therefore, the selectivities of 
main by-products of the ammoxidation will be presented in this chapter. Furthermore, 
information about the usually obtained carbon as well as mass balances will be 
shown. 
The uncondensed gaseous products were identified by connecting the offgas line to a 
mass spectrometer. The measurements revealed that carbon dioxide is the main by-
product of the ammoxidation of acrolein. Usually a CO2 selectivity of 15 % was 
achieved, suggesting important tendency to total oxidation. Carbon monoxide could 
not be detected as it is normally formed in oxidation reactions in the presence of 
oxygen. A watergas shift reaction might happen forming CO2 and H2 out of CO. 
However, H2 could not be detected due to experimental limitations. 
The main side-products observed in the liquid product mixture condensed in the 
cooling trap each hour of an experiment were acetaldehyde (selectivity usually 1 %) 
and acetonitrile (selectivity usually 3 %). Additionally, traces of acetone, propionitrile 
and acrylic acid were found. The selectivities towards the aforementioned 
compounds were typically less than 1 %. In case that the identification of gaseous as 
well as liquid by-products was possible, the carbon balance varied between 76 % and 
86 %. These values indicate that a more detailed study of the by-products should be 
conducted. 
Finally, the mass balance of all experiments carried out for the ammoxidation of 
acrolein was at least 98 %. 
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4.3 Indirect Ammoxidation of Glycerol 
4.3.1 Reactor Setup 
The continuous ammoxidation of acrolein in gaseous phase was carried out in a 
reactor system made of stainless steel. The schematic reactor setup is depicted in 
Figure 88. 
 
 
Figure 88: Schematics of the reactor setup for the indirect ammoxidation of glycerol in tandem 
mode. 
 
At first, the glycerol feed (20 wt.% in water) is pumped with a diaphragm pump (P1) 
and mixed with oxygen. Thereafter, the mixture is vaporized in a pre-heater (W1). 
Afterwards, the gases are led to the coil reactor (C1, length = 100 cm, inner 
diameter = 0.6 cm) in the first oven where the dehydration of glycerol to acrolein 
takes place. After leaving the first reactor (C1), the gases are led to the second oven. 
The pipe which connects both reactors is intermediately heated (W3) to ensure that 
no cold spots occur and to increase the temperature to the reaction temperature 
needed for the second reaction step. The pre-heated (W4) ammonia and oxygen 
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feed needed for the ammoxidation are mixed with the process gases from reaction 
step I directly in front of the second reactor. 
Thereon, the gases arrive in the second coil reactor (C2, length = 70 cm, inner 
diameter = 0.6 cm) where the ammoxidation of acrolein to acrylonitrile takes place. 
Afterwards, the gases are quenched with an acidic solution (e.g. acetic acid in 
distilled water) to make sure that the non-converted ammonia is neutralized 
immediately, in order to avoid the polymerization of acrolein. Pump (P2) is used for 
this purpose. 
To make sure that no cold spots appear in the pipe between the reactor (C2) and the 
cooling trap (B1), the pipe is heated with a heating sleeve (W6) up to the cooling trap. 
Thereafter, the products are collected in a double-walled separating funnel (B1) 
which is connected to a cryostat and tempered to -5 °C. Additionally, an acidic 
solution (e.g. 5 wt.% acetic acid in distilled water) is used as a quench medium in the 
cooling trap. The product gases are directly led into this liquid. 
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All liquids were pumped with diaphragm pumps (Fink or Telab). The flow rate of the 
gaseous reactants was controlled with mass-flow controllers (Brooks). The 
temperatures of the different heaters were controlled with temperature PID regulators 
(Eurotherm). 
The reactors were generally filled with granulated catalysts with a particle size of 0.5 -
 1 mm. In order to maintain the catalyst inside of the reactors, a wire mesh was 
placed at the exit of each reactor. The experiment runtime was in general six hours. 
Table 24 shows the reaction parameters which were used for the indirect 
ammoxidation of glycerol. 
 
Table 24: Reaction parameters for the indirect ammoxidation of glycerol. 
 Parameter Value 
D
eh
yd
ra
tio
n 
of
 g
ly
ce
ro
l 
Evaporator temperature 280 °C 
Reaction temperature 280 °C 
Composition glycerol feed 20 wt.% in water 
Glycerol flow rate 23 g/h 
O2 flow rate 11.33 mL/min 
Catalyst amount 5 g 
Residence time 0.36 s 
Pressure Atmospheric 
A
m
m
ox
id
at
io
n 
of
 a
cr
ol
ei
n 
Intermediate preheater temperature 350 °C 
NH3/O2 preheater temperature 200 °C 
Reactor outlet temperature 200 °C 
Reaction temperature 400 °C 
NH3/AC ratio 1.5 
O2/AC ratio 3.5 
Catalyst amount 2.75 g - 6.88 g 
Residence time 0.12 s - 0.3 s 
Pressure Atmospheric 
 
A picture of the tandem reactor setup used for the indirect ammoxidation of glycerol 
is shown in Figure 89. 
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Figure 89: Picture of the reactor setup for the indirect ammoxidation of glycerol. 
 
Results and Discussion 
 127 
4.3.2 Results 
4.3.2.1 Preliminary Experiments 
Before carrying out catalytic reactions in the tandem setup, a blank test was 
conducted to determine if auto-catalyzed reactions take place. The results are given 
in Figure 90. 
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Figure 90: Glycerol conversion during the blank test; Reaction conditions step I: T = 280 °C, 
glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 mL/min; Reaction conditions step II: 
T = 400 °C, NH3 flow = 21.4 mL/min, O2 flow = 38.6 mL/min. 
 
The glycerol conversion reached 70 % after one hour TOS. Thereafter, the 
conversion decreased and stabilized at 49 % ±1 %. The comparatively high glycerol 
conversion is related to the decomposition caused by the high reaction temperature 
in the second reactor (400 °C). It is known that glycerol decomposes at temperatures 
above 290 °C yielding mainly carbon oxides.[113]  
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4.3.2.2 Adjustment of the Residence Time in presence of SbFeO 
The reaction parameters of the separate setups for the dehydration of glycerol and 
the ammoxidation of acrolein were adapted to the tandem reactor. For the first 
reaction step, a 13.2 wt.% WO3/TiO2 catalyst (KATCL33) was used that yielded 70 % 
acrolein as shown in section 4.1.3.3. The SbFeO0.6 mixed oxide (KATSG7) was 
used as catalyst for the ammoxidation in the second reactor. The NH3/AC as well as 
O2/AC ratio applied in the second reaction step were adjusted with regard to a 
theoretical yield of 70 % in the dehydration reaction (first reactor). The results of the 
first experiment with the tandem reactor setup are given in Figure 91. 
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Figure 91: Selectivity and conversion plotted over time on stream; Reaction conditions step I: 
T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 mL/min, mCatalyst = 5 g, 
catalyst = 13.2 wt.% WO3/TiO2 (KATCL33), contact time = 0.36 s; Reaction conditions step II: 
T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5, mCatalyst = 2.75 g, catalyst = SbFeO0.6 (KATSG7), 
contact time = 0.12 s. 
 
The glycerol conversion remained constant at 100 % during the experiment. The 
selectivity towards acrylonitrile increased slightly in the beginning of the experiment 
and stabilized at 21 % after two hours on stream. This value was kept constant until 
the end of the experiment. The selectivity in acrolein increased from 15 % (1 h TOS) 
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over 27 % (2 h TOS) to 31 % (3 h TOS). Thereafter, the selectivity decreased slightly 
to 29 % and remained constant until the experiment was stopped. The results clearly 
show that the acrolein conversion in the second reaction step was lower than one 
could expect from the results over SbFeO0.6 (KATSG7) in the setup for the 
ammoxidation of acrolein (81 % conversion, cf. section 4.2.3.4). This low conversion 
caused a reduced selectivity in acrylonitrile. The results of the variation of the 
residence time in the experimental design (cf. section 4.2.3.4) already showed that 
good selectivities in acrylonitrile were obtained for increased residence time in the 
second reaction step as well. Therefore, the residence time in the second reactor 
was increased by adjusting the catalyst amount in order to improve the acrolein 
conversion and thereby to obtain higher yields of acrylonitrile. The results are 
depicted in Figure 92. 
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Figure 92: Influence of the residence time for reaction step II on the selectivity and conversion; 
Reaction conditions step I: T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 
mL/min, mCatalyst = 5 g, catalyst = 13.2 wt.% WO3/TiO2 (KATCL33), contact time = 0.36 s; Reaction 
conditions step II: T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5, catalyst = SbFeO0.6 
(KATSG7), TOS = 6 h. 
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The residence time was increased stepwise from 0.12 s (2.75 g catalyst) over 0.18 s 
(4.13 g catalyst) and 0.24 s (5.5 g catalyst) to 0.3 s (6.88 g catalyst). The glycerol 
conversion was 100 % in each experiment. 
The selectivity in acrylonitrile increased steadily from 20 % (τ = 0.12 s, 2.75 g 
catalyst) over 36 % (τ = 0.18 s, 4.13 g catalyst) to a maximum of 40 % (τ = 0.24 s, 
5.5 g catalyst). Thereafter, the selectivity dropped to 28 % for a residence time of 
0.3 s (6.88 g catalyst). In contrast, the selectivity towards acrolein decreased 
significantly for increasing residence times (26 % at τ = 0.12 s, 2.75 g vs. 14 % at 
τ = 0.18 s, 4.13 g vs. 8 % at τ = 0.24 s, 5.5 g). In the experiment with a residence 
time of 0.3 s (6.88 g catalyst), the selectivity in acrolein improved to 16 %. This result 
is surprising as it was to be expected that the selectivity would further decrease. 
However, it may be explained by an increased total pressure in the reactor which was 
observed during the reaction due to a high catalyst amount. This pressure increase 
led to a higher residence time in the catalyst bed. Thus, it is possible that ACN was 
decomposed into CO2. However, the increasing AC selectivity does not support this 
suggestion. Therefore, a residence time of 0.24 s in the second reactor was kept as 
the optimal one for the next experiments. 
Nevertheless, the overall catalytic performance for a residence time of 0.24 s is 
significantly higher than that one could expect from the combination of the 
independent results of the decoupled experiments, which supposed selectivity to AC 
of 14 % and 27 % to ACN at 100 % glycerol conversion and 81 % acrolein 
conversion, respectively. This result may be explained by the higher amount of 
catalyst. 
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4.3.2.3 Best Catalysts for the Ammoxidation of Acrolein 
Four catalysts which showed good performances in the ammoxidation of acrolein (cf. 
section 4.2.3.3) were tested in tandem mode as well. The results are given in Figure 
93. 
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Figure 93: Catalytic performance of the five best catalysts of the catalyst screening for reaction 
step II in tandem mode; Reaction conditions step I: T = 280 °C, glycerol flow = 23 g/h (20 wt.% 
in water), O2 flow = 11.33 mL/min, mCatalyst = 5 g, catalyst = 13.2 wt.% WO3/TiO2 (KATCL33), 
contact time = 0.36 s; Reaction conditions step II: T = 400 °C, NH3/AC ratio = 1.5, O2/AC 
ratio = 3.5, mCatalyst = 5.5 g, contact time = 0.24 s, TOS = 6 h, catalysts KATCL209, KATSG9, 
KATSG7, KATPS4, KATPS12. 
 
The glycerol conversion rate reached 100 % for all tested catalysts. The acrylonitrile 
selectivity achieved over the titania-supported MoO3 catalyst (KATCL209) was 11 % 
(vs. 17 % in separate setup for step II). Only traces of acrolein (1 % selectivity) were 
identified in the product mixture obtained in the experiment over the aforementioned 
catalyst. 
The antimony iron mixed oxide with a molar ratio of 0.8 (KATPS4) exhibited 16 % 
selectivity in ACN (vs. 16 % in separate setup for step II). The acrolein selectivity 
reached 15 %. 
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In the experiment over the MoVSbO catalyst (KATPS12) in the second reaction step, 
28 % selectivity in acrylonitrile was observed (vs. 28 % in separate setup for step II). 
The acrolein selectivity added up to 5 %. 
Finally, the catalytic performance of pure MoO3 (KATSG9) was investigated in 
tandem reactor mode. 30 % selectivity in the desired product ACN was obtained (vs. 
28 % in separate setup for step II). Furthermore, a comparatively high selectivity in 
the intermediate acrolein was observed (24 %). 
From the results one can see that the selectivities observed in the single reactor for 
the ammoxidation of acrolein are reproducible for all catalysts except the MoO3/TiO2 
(KATCL209) which exhibited a decreased selectivity in ACN. These results confirm 
that the duplication of the residence time in the second reactor (0.12 s vs. 0.24 s) did 
not influence the catalytic performance in terms of acrylonitrile selectivity of the 
SbFeO0.8 (KATPS4), MoVSbO (KATPS12) and MoO3 (KATSG9) catalysts. However, 
it seems to have a negative effect on the performance of the titania-supported MoO3 
(KATCL209, 17 % selectivity at 0.12 s vs. 11 % selectivity at 0.24 s). 
In the end, it can be concluded that SbFeO0.6 (KATSG7) clearly exhibited the best 
performance in the indirect ammoxidation of glycerol via the intermediate acrolein 
with a yield of 40 %. 
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4.3.2.4 Adjustment of the Residence Time in the presence of MoO3 
Due to the high acrolein selectivity obtained in the experiment over pure MoO3 
(KATSG9) as catalyst in the second reactor, the residence in the second reactor was 
increased by adjusting the catalyst amount. Thereby, it was determined if the 
selectivity in ACN could be increased and the AC selectivity decreased consequently. 
The results are depicted in Figure 94. 
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Figure 94: Influence of the residence time for reaction step II on the selectivity, conversion and 
yield; Reaction conditions step I: T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 
flow = 11.33 mL/min, mCatalyst = 5 g, catalyst = 13.2 wt.% WO3/TiO2 (KATCL33), contact 
time = 0.36 s; Reaction conditions step II: T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5, 
catalyst = MoO3 (KATSG9), TOS = 6 h. 
 
The glycerol conversion was 100 % during both experiments. The selectivity towards 
acrylonitrile as well as acrolein decreased for an increasing residence time in the 
second reactor implying that the acrolein conversion was increased but the selectivity 
was not improved simultaneously. As already reported for the SbFeO0.6 catalyst 
(KATSG7), the pressure increased permanently during the experiment 
(approximately 1 bar) with 6.88 g catalyst in the second reactor which may have 
affected the catalytic performance. For example, ACN and AC may have been 
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decomposed due to the increased residence time. However, this result reconfirms 
that the maximum catalyst amount should not be higher than 5.5 g. 
4.3.2.5 Comparison of Crude and Synthetic Glycerol 
Glycerol is a side-product in the manufacture of biodiesel and, depending on the 
process used for the biodiesel production, the quality of the produced crude glycerol 
can change.[8] A process that is feasible to use crude glycerol without purification as 
starting material would be beneficial, as a costly distillation unit would not be 
necessary. 
Therefore, the performances obtained with crude and synthetically produced glycerol 
respectively as feedstock for the ammoxidation into acrylonitrile were investigated. 
The composition of the used crude glycerol is given in Table 25. However, it has to 
be pointed out that the used crude glycerol had a comparatively high purity of 
96.2 wt.%. 
 
Table 25: Crude glycerol composition 
Compound Fraction 
Glycerol 96.2 wt.% 
MONG (Matter Organic Non Glycerol) 3.4 wt.% 
Methanol 0.1 wt.% 
Na 34 ppm 
 
The catalytic performances observed for the different feedstocks are depicted in 
Figure 95. 
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Figure 95: Influence of glycerol type on the catalytic performance; Reaction conditions step I: 
T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 mL/min, mCatalyst = 5 g, 
catalyst = 13.2 wt.% WO3/TiO2 (KATCL33), contact time = 0.36 s; Reaction conditions step II: 
T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5, mCatalyst = 5.5 g, catalyst = SbFeO0.6 (KATSG7), 
contact time = 0.24 s, TOS = 6 h. 
 
The glycerol conversion reached 100 % in both experiments. In case of synthetic 
glycerol, the yield in acrylonitrile was 40 %, and in the intermediate acrolein 8 %. In 
contrast, the ACN yield for crude glycerol added up to 22 % and the yield in acrolein 
was 24 %. From the results one can see that the glycerol quality drastically 
influences the catalytic performance as the yield in the desired product ACN was 
decreased by 16 %. Crude glycerol contains a huge variety of impurities - water, 
methanol, traces of fatty acids as well as inorganic and organic compounds (called 
MONG, meaning Matter Organic Non Glycerol, Table 25). Thus, the reduced ACN 
yield is most likely caused by several additional impurities. 
The fact that a comparatively high AC selectivity of 24 % was recorded in the 
experiment with crude glycerol supports the hypothesis that the active centers of the 
ammoxidation catalyst were blocked by impurities leading to a decreased AC 
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conversion in the second step. Therefore, it seems that the negative effect of the 
aforementioned impurities is higher for the second reaction step compared to the 
dehydration step. However, further characterization of the spent catalyst would be 
necessary to verify this hypothesis. 
4.3.2.6 Long-term Stability 
The long-term performance of the indirect ammoxidation of glycerol was studied in a 
26 hours experiment over a 15 wt.% WO3/TiO2 catalyst (KATCL33, step I) and the 
SbFeO0.6 catalyst (KATSG7, step II). The results are given in Figure 96. 
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Figure 96: Selectivity and conversion plotted over time on stream; Reaction conditions step I: 
T = 280 °C, glycerol flow = 23 g/h (20 wt.% in water), O2 flow = 11.33 mL/min, mCatalyst = 5 g, 
catalyst = 15 wt.% WO3/TiO2 (KATCL33), contact time = 0.36 s; Reaction conditions step II: 
T = 400 °C, NH3/AC ratio = 1.5, O2/AC ratio = 3.5, mCatalyst = 5.5 g, catalyst = SbFeO0.6 (KATSG7), 
contact time = 0.24 s. 
 
The glycerol conversion remained stable at 100 % over 26 hours on stream. The 
acrylonitrile selectivity increased from 27 % (1 h) to 36 % ±1 % and remained stable 
for the first five hours on stream. Afterwards, the selectivity steadily decreased to 
25 % (26 h). The selectivity towards the intermediate acrolein increased from 3 % 
(1 h) over 16 % (2 h) to 20 % ±1 % and remained constant until the end of the 
Results and Discussion 
 137 
experiment. In contrast to the best performance so far obtained for the indirect 
ammoxidation of glycerol (40 % yield in ACN over six hours on stream), the 
performance over 26 hours on stream was clearly decreasing. However, regarding 
only the first five hours of the experiment, the yield in acrylonitrile was comparable to 
the best experiment (34 % on average vs. 40 %). In terms of acrolein, the selectivity 
was more than doubled compared to the best performance so far (20 % vs. 8 %). 
This is most likely caused by the different catalyst batch used for the dehydration in 
this experiment (15 wt.% WO3/TiO2 vs. 13.2 wt.% WO3/TiO2) which caused probably 
a higher yield in acrolein in the first step. 
Ulgen et al. stated that the glycerol conversion over a similar catalyst (13.9 wt.% 
WO3/TiO2) decreased by 20 % after 24 hours experiment runtime.[15] This fact may 
explain the decreasing trend observed for the acrylonitrile selectivity, meaning that 
the acrolein concentration in the feed to the second reactor decreased over the time 
on stream. Therefore, the NH3/AC ratio increased over the time which led to a 
depleting ACN selectivity as observed by the variation of the NH3/AC ratio during the 
experimental design (cf. 4.2.3.4). Furthermore, the arrival of non-converted glycerol 
in the second reaction step may affect the catalytic performance. Glycerol will most 
likely be decomposed into CO2 at the high reaction temperature (400 °C) in step II. 
4.3.2.7 Identification of By-Products 
The main side-products observed in the liquid product mixture condensed in the 
cooling trap each hour of the experiment were acetaldehyde (selectivity usually 1 %) 
and acetonitrile (selectivity usually 3 % to 4 %). Additionally, traces of acetone, 
propionitrile and acrylic acid were found. The selectivities towards the 
aforementioned compounds were typically less than 1 %.  
Finally, the mass balance of all experiments carried out for the ammoxidation of 
acrolein was at least 97 %. 
Due to technical limitations it was not possible to analyze the non-condensed by-
products. Therefore, no appropriate carbon balance could be determined. 
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5 Synopsis 
The indirect ammoxidation of glycerol into acrylonitrile via the intermediate acrolein 
has been studied in this thesis. Therefore, both reaction steps were investigated 
separately as well as connected in a tandem reactor setup. 
5.1 Summary 
5.1.1 Dehydration of Glycerol 
The dehydration of glycerol was carried out in a continuous fixed bed reactor in the 
gas phase over WO3/TiO2 catalysts as described by Ulgen et al.[15] The catalysts 
were prepared according to the impregnation method (method I) proposed by Ulgen 
et al. as well as by wet impregnation of extruded titania supports (method II) and 
finally by a combination of both methods (method III). Two different titania supports 
(Hombikat Typ II, P25) were used for the synthesis of the catalysts. The properties of 
the catalysts were investigated by nitrogen physisorption, X-ray diffraction and 
temperature programmed desorption of ammonia. 
It was demonstrated that the yield towards AC increased with an increasing acidity of 
the catalyst which directly correlates with the WO3 content of the catalyst. In contrast, 
no correlation between the glycerol conversion and the catalyst properties was found. 
The best yield in acrolein (78 %) was obtained with a 14.2 wt.% WO3/TiO2 catalyst at 
full glycerol conversion which is in well agreement with the results obtained by Ulgen 
et al.[15] 
The comparison of the different synthesis methods revealed that the results obtained 
with catalysts prepared according to method I were reproducible with catalysts which 
were prepared according to the two other aforementioned methods (method II and III). 
Therefore, the combination of method I and II was selected to prepare the catalyst 
which was used in the first step of the tandem reaction. This combined method was 
chosen as a more realistic preparation for an industrial standard compared to 
method I. Furthermore, this synthesis procedure allowed the easy production of 
higher quantities of catalyst. 
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5.1.2 Ammoxidation of Acrolein 
The gas phase ammoxidation of acrolein was carried out in continuous mode using a 
fixed bed reactor. Several types of catalysts were chosen, notably Sb/Fe and Sb/V 
mixed oxides. At first, the influence of the molar antimony/iron- as well as 
antimony/vanadium ratio on the catalytic performance was investigated in a catalyst 
screening. Additional ammoxidation catalysts (pure MoO3 (KATSG9), 30 wt.% 
MoO3/TiO2 (KATCL209), MoVSbO/SiO2 (KATPS12), BiFePO (KATSG5), MoVTeNbO 
(KATSG4)) known from literature were tested in the ammoxidation of acrolein as well. 
The properties of the aforementioned catalytic systems were studied by nitrogen 
physisorption, X-ray diffraction, X-ray photoelectron spectroscopy, hydrogen 
temperature programmed reduction and thermogravimetric analyses. Afterwards, an 
experimental design was performed to determine the influence of the reaction 
temperature, catalyst amount (i.e. contact time), molar NH3/AC ratio and molar O2/AC 
ratio on the catalytic performance. Thereafter, the effect of water on the acrylonitrile 
selectivity as well as on acrolein conversion was investigated. Finally, the long term 
stability of the SbFeO0.6 (KATSG7) catalyst was studied in a 24 hours experiment. 
The screening of the iron antimony mixed oxides (molar ratios 0.4, 0.6, 0.8 and 1) 
revealed that the Sb/Fe ratio has a significant influence on the catalytic performance 
in the ammoxidation of acrolein, whereby ratios of 0.6 (KATSG7, 15 % yield) and 0.8 
(KATPS4, 25 % yield) were found most favourable. The results of the nitrogen 
physisorption imply that no correlation between the catalytic activity and the surface 
area as well as the pore volume can be determined. Even though it seems that the 
AC conversion rate increased, the result obtained for the SbFeO0.4 (KATSG10) does 
not fit in this trend. Therefore, the experiment with this catalyst should be repeated in 
order to verify the reproducibility. Evidence was found by X-ray diffraction that 
FeSbO4 is formed under reaction conditions, which could successfully be correlated 
to an increase in selectivity towards ACN in the first 3 hours on stream. This result 
was further confirmed by XPS analysis. In fact, the XPS study of the spent FeSbO 
catalyst with a bulk molar ratio of 0.6 (KATSG7) showed that the Sb/Fe ratio at the 
catalyst surface increased considerably under reaction conditions, which was 
assigned to the formation of the FeSbO4 phase under reaction conditions. 
Furthermore, the results from TPR of the FeSbO catalyst with a molar ratio of 0.6 
(KATSG7)suggest that the reduction of the Fe2O3 phase to Fe3O4 is possible at the 
reaction temperature of 400 °C in case of high NH3 concentration. However, the XRD 
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of the spent SbFeO0.6 (KATSG7) did not show Fe3O4. The TPR results also suggest 
that decomposition of the FeSbO4 phase into Sb2O3 and Fe2O3 is possible at 400 °C 
in the presence of a sufficient reductive environment. Therefore, the reaction 
conditions have to be chosen advisedly in order to avoid the destruction of the 
desirable FeSbO4. Hence, it can be summarized that no clear structure performance 
relationship could be determined by the obtained characterization results for the 
antimony iron mixed oxides. Therefore, additional investigations, for example of the 
acidity of the catalysts by ammonia TPD and pyridine Fourier transform infrared 
spectroscopy may be useful. Additionally, a scanning electron microscopy study of 
the catalysts could provide further information about the surface structure of the 
catalysts which may help to understand their catalytic performance. Since the XPS 
analysis of the SbFeO catalysts did reveal that only iron-(III) is present at the catalyst 
surface, it may be investigated in detail by Mössbauer spectroscopy or by X-ray 
absorption near edge structures analysis (XANES) if absolutely no iron-(II) is present 
at the surface. Normally, iron-(II) should be detectable as the Fe-(III)/Fe-(II) redox 
couple should be present in this kind of oxidation reaction. 
The screening of the vanadium antimony mixed oxides (molar ratios 0.4, 0.6, 0.8 and 
1) showed no correlation between the molar Sb/V ratio and the catalytic performance. 
All tested catalysts exhibited similar yields in acrylonitrile (10 - 12 %). Furthermore, 
no reliance between the structural properties of the catalysts and the catalytic 
performance were identified. X-ray diffraction and X-ray photoelectron spectroscopy 
revealed that V2O5 is transformed into an amorphous phase under reaction 
conditions. As the yield in ACN did not change over time on stream, it was concluded 
that the V2O5 phase did not influence the catalytic performance and that the SbVO4 
mixed oxide is the active phase in the ammoxidation of acrolein over SbVO catalysts. 
The experiments with additional ammoxidation catalysts known from literature 
revealed that catalysts which contain molybdenum also showed good yields in the 
desired product acrylonitrile. The best results were obtained with pure MoO3 
(KATSG9, 17 % yield), 30 wt.% MoO3/TiO2 (KATCL209, 28 % yield) and 
MoVSbO/SiO2 (KATPS12, 23 % yield). Hereby, nitrogen physisorption suggested 
that the acrolein conversion increased with an increasing surface area of the catalyst 
(MoO3: 60 % conversion, 5 m2/g; MoO3/TiO2: 84 % conversion, 58 m2/g). 
The influence of the key reaction parameters (reaction temperature, catalyst amount, 
molar NH3/AC ratio, molar O2/AC ratio) on the catalytic performance was investigated 
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in an experimental design where the antimony iron mixed oxide with a molar ratio of 
0.6 (KATSG7) was used as catalyst. The design of experiments demonstrated that 
the molar NH3/AC ratio as well as the O2/AC ratio had a strong influence on the 
acrylonitrile yield. By increasing the NH3/AC ratio from 1 to 1.5 as well as the O2/AC 
ratio from 0.5 to 3.5, the yield in ACN increased by more than a factor two, from 15 % 
to 36 %. 
Finally, the influence of water on the catalytic performance was studied. In fact, water 
is the inevitable major compound of the feed (around 86 vol.%), when using glycerol 
as reactant for the acrolein synthesis. This concentration was thus chosen with 
regard to the product composition which is achieved in the first reaction step. Water 
was replaced by nitrogen which was saturated with the appropriate amount of 
acrolein. SbFeO0.6 (KATSG7) and 30 wt.% MoO3/TiO2 (KATCL209) were used as 
catalysts. It was demonstrated that water has a positive effect on the catalytic 
performance of SbFeO0.6 (KATSG7). The yield in the desired product acrylonitrile 
dropped to 19 % in the experiment without water (yield in presence of water: 36 %). It 
is suggested that water blocks the active centers at the surface of the catalyst which 
cause a decomposition of acrylonitrile in CO2, thus leading to a higher selectivity in 
acrylonitrile. In contrast, the absence of water improved the yield in ACN over the 
MoO3/TiO2 catalyst (KATCL209) almost by factor two (17 % with water vs. 29 % 
without water). However, a more detailed study would be necessary to explain this 
phenomenon as no explanation could be given from the obtained characterization 
results. 
Finally, the long term stability of the SbFeO0.6 catalyst (KATSG7) was studied in a 
24 hours experiment. The AC conversion stabilized at 85 % ±1 % after 3 hours on 
stream and remained constant until the end of the experiment. The ACN selectivity 
increased slightly during the first 7 hours on stream to 46 % ±1 %. Thereafter, the 
selectivity stayed constant until the end of the experiment. Thus, no deactivation of 
the catalyst was observed and the long term stability of the SbFeO0.6 (KATSG7) was 
proven. 
5.1.3 Indirect Ammoxidation of Glycerol 
The indirect ammoxidation of glycerol was performed in the gaseous phase in two 
successive fixed bed reactors (i.e. in the so-called tandem reactor setup). The 
reaction parameters of the separate setups for the dehydration of glycerol as well as 
the ammoxidation of acrolein were adapted to the tandem reactor. Thereafter, the 
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performance of the five best catalysts of the screening for the ammoxidation of 
acrolein was investigated in tandem mode. Afterwards, the influence of the glycerol 
quality (crude glycerol vs. synthetic glycerol) on the catalytic performance was 
studied. At last, the long term stability over the best catalysts for the first (15 wt.% 
WO3/TiO2, KATCL33) and second (SbFeO0.6, KATSG7) reaction step was examined. 
The first test (step I: 13.2 wt.% WO3/TiO2 (KATCL33), step II: SbFeO0.6 (KATSG7)), 
after adapting the reaction parameters of both reaction steps to the tandem reactor, 
revealed a comparatively high selectivity in acrolein of 26 % and only 20 % selectivity 
towards the desired product acrylonitrile at full conversion of glycerol. Thus, it was 
concluded that the acrolein conversion in the second reactor had to be improved in 
order to obtain higher selectivity in acrylonitrile. By increasing the residence time over 
the SbFeO0.6 catalyst (KATSG7) from 0.12 s to 0.24 s in the second reaction step, 
the AC selectivity was decreased to 8 % and the ACN selectivity increased to 40 % 
consequently at full conversion of glycerol. 
Afterwards, four additional catalysts (MoO3 (KATSG9), 30 wt.% MoO3/TiO2 
(KATCL209), MoVSbO/SiO2 (KATPS12), SbFeO0.8 (KATPS4)), that had shown good 
performance in the catalyst screening for the ammoxidation of acrolein, were tested 
in the tandem mode. MoO3 (KATSG9) as well as MoVSbO/SiO2 (KATPS12) exhibited 
yields of 30 % and 28 % respectively, whereas the performances over SbFeO0.8 
(KATPS4, 16 % yield in ACN) and 30 wt.% MoO3/TiO2 (KATCL209, 11 % yield in 
ACN) were rather poor. 
Finally we also studied the influence of the glycerol quality (crude glycerol vs. 
synthetic glycerol) on the catalytic performance, in order to proof the possibility of 
using crude glycerol from the transesterification process (biodiesel production). It was 
demonstrated that the glycerol purity plays a key role as the yield in acrylonitrile 
decreased significantly in the experiment with crude glycerol (synthetic: 40 %, crude: 
22 %). Furthermore, the acrolein selectivity increased from 8 % to 24 % compared to 
the test with synthetic glycerol. 
The crude glycerol used in this study contained several impurities, such as methanol 
and sodium. Therefore, it was concluded that the catalytic performance was reduced 
by these impurities. It is most likely that Na blocks the acidic centers of the WO3/TiO2 
catalyst (KATCL33) used for the dehydration of glycerol. Moreover, it is indicated by 
the high acrolein selectivity that the active centers of the SbFeO0.6 (KATSG7) used 
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in the second reaction step were also influenced by impurities which caused a 
decreased acrolein conversion compared to the experiment with synthetic glycerol. 
Finally, the long term performance over the 15 wt.% WO3/TiO2 (KATCL33, step I) and 
SbFeO0.6 (KATSG7, step II) catalyst couple was investigated in a 26 hours 
experiment. It was observed that the yield in ACN steadily decreased from 36 % after 
5 hours on stream reaching finally 25 % after 26 hours of experiment. As the long 
term stability of the SbFeO0.6 over 24 hours was proven in an experiment in the 
ammoxidation setup, it was concluded that the depleting yield in acrylonitrile was 
related to the decreasing performance of the catalyst in the first reaction step which 
was already expected with respect to the results of Ulgen.[89] Consequently, the 
acrolein concentration in the feed to the second reactor decreased over the time on 
stream. Therefore, NH3/AC ratio increased to a value higher than 1.5 which caused a 
decreased selectivity towards the desired product acrylonitrile. The best yield in ACN 
obtained in the tandem reactor was 40 %. 
5.2 Outlook 
To further increase the yield in acrylonitrile in the indirect ammoxidation of glycerol 
via the intermediate acrolein, both reaction steps still need to be improved. 
The main issue of the first reaction step is the deactivation of the catalyst after a 
rather short time on stream. For the potential application on industrial standard, the 
catalyst lifetime needs to be increased considerably. Therefore, a detailed study of 
the deactivation mechanism would help to overcome this drawback. 
The SbFeO0.6 catalyst exhibited respectable yield in acrylonitrile in the 
ammoxidation of acrolein. Nevertheless, there is still high potential for improvement 
in terms of selectivity towards the desired product acrylonitrile. Furthermore, the by-
product formation (CO2, acetaldehyde, acetonitrile) must be decreased. For this 
purpose, the study of additional dopants (e.g. metals like Sn, Mo) to the SbFeO 
catalytic system would be of high interest. 
Additionally, molybdenum based catalysts could be studied in detail as the results 
obtained in this study were promising. 
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6 Experimental Section 
6.1 Chemicals 
Glycerol (99 %) and acrolein (≥ 95 %) were purchased from Sigma Aldrich and Fluka, 
respectively. All other chemicals were purchased in synthesis quality or better from 
Sigma Aldrich, Aldrich, ABCR, Alfa Aesar, Fluka, Merck, VWR, Carl Roth and DuPont. 
The TiO2 support Hombikat Typ II was kindly provided by Sachtleben AG, Germany. 
6.2 Design of Experiments 
The experimental design was generated by the statistical software Design-Expert, 
Version 5.0.8, Stat-Ease Inc. The response surface methodology was used in order 
to investigate the influence of the varied parameters. 
6.3 Contact Time 
The contact times shown in this thesis were calculated by dividing the catalyst 
volume by the total gas flow rate. The total gas flow rate was calculated at reaction 
conditions. 
6.4 Analytics 
6.4.1 Calculation of Conversion and Selectivity 
The glycerol and AC conversions were calculated using the following equation: 
 X = nReactant, in − nReactant, outnReactant, in
 (1) 
where n is the amount of the reactant (either glycerol or acrolein) in moles before and 
after reaction. 
The selectivity to AC and ACN was calculated as depicted in equation (2) below 
where nProduct is related either to acrolein or acrylonitrile. 
 S = nProductnReactant, in − nReactant, out
 (2) 
Experimental Section 
 145 
6.4.2 Gas Chromatography 
6.4.2.1 Aachen 
In Aachen, the gas chromatography measurements were performed on a Fisons GC 
8000 apparatus equipped with a flame ionization detector (FID) and a 10 wt.% FFAP 
on Chromosorb W-AW column (length: 2 m; diameter: 2 mm; mesh range: 80/100), 
using nitrogen as a carrier gas (Westfalen, 99.999 %) at constant pressure of 
150 kPa. A Shimadzu C-R3A was used as an integrator. 
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The temperature program used was: 40 °C for 5 minutes, heating up to 240 °C with a 
ramp of 10 °C/min and hold 240 °C for 15 minutes. The injector and detector 
temperatures were set at 250 °C and 240 °C respectively. 
6.4.2.2 Lille 
In Lille, the gas chromatography measurements were performed on a CE Instruments 
GC 8000 TOP apparatus equipped with a flame ionization detector (FID) and an 
Alltech EC-1000 semi-capillary column (length: 30 m; diameter: 0.53 mm; film 
thickness: 1.2 µm), using helium as a carrier gas (Air Liquide, 99.999 %) at constant 
pressure of 100 kPa. The temperature program used was: 40 °C for 7 minutes, 
heating up to 240 °C with a ramp of 20 °C/min and hold 240 °C for 1 minute. The 
injector and detector temperatures were set at 240 °C. 
6.4.3 High-Performance Liquid Chromatography 
The samples were analysed by means of high-performance liquid chromatography on 
a Merck Hitachi apparatus, equipped with a refractive index detector and a Nucleogel 
Sugar 810 H column (length: 300 mm; inner diameter: 7.8 mm) maintained at 35 °C. 
The mobile phase was a 5 mM sulfuric acid solution (0.8 mL/min). 
6.4.4 Nitrogen Physisorption 
The surface areas and total pore volumes were measured by the N2 
physisorption/desorption technique, using a Micromeritics ASAP 2010 analyser at 
liquid nitrogen temperature (77 K). The specific surface areas (SBET) were calculated 
using the BET (Brunauer-Emmett-Teller) method. The total pore volumes (Vp) were 
determined using the point measured at a relative pressure (P/P0) of 0.995. The 
samples were outgassed at 150 °C for 3 hours prior to analysis. 
6.4.5 X-Ray Diffraction 
The crystalline structures of the catalysts were resolved by the X-ray diffraction (XRD) 
technique on a Bruker D8 Advance diffractometer, using the CuKα radiation 
(λ = 1.5406 Å) as an X-ray source. A range from 5° < 2θ < 80° was scanned with 
steps of 0.05°/s and an acquisition time of 1 second. 
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6.4.6 X-Ray Photoelectron Spectroscopy 
Surface analyses by X-ray photoelectron spectroscopy (XPS) were carried out using 
a Kratos Axis Ultra DLD apparatus equipped with a hemispherical analyser and a 
delay line detector. The spectra were recorded using an Al mono-chromated X-ray 
source (10 kV, 15 mA) with a pass energy of 40 eV (0.1 eV/step) for high resolution 
spectra, and a pass energy of 160 eV (1 eV/step), for the survey spectrum in hybrid 
mode and slot lens mode, respectively. 
6.4.7 NH3 - Temperature Programmed Desorption 
Ammonia temperature programmed desorption (NH3-TPD) was employed in order to 
measure the amount and strength of the acidic sites of the catalysts used. A typical 
test was done as follows: 50 mg catalyst were pretreated in a He flow (30 mL/min) at 
250 °C for 2 hours in order to remove the physisorbed water and the crystal water. 
Then, NH3 was absorbed at the surface by pulsed injections at 130 °C until saturation 
was stated from the TCD signal. The TPD profiles were monitored by a thermal 
conductivity detector and recorded from 130 to 700 °C at a heating rate of 10 °C/min. 
6.4.8 H2 - Temperature Programmed Reduction 
The reducibility of the catalysts was evaluated by temperature programmed reduction 
(TPR) at atmospheric pressure. 100 mg of samples were loaded into a quartz reactor 
and pre-treated by a He flow (30 mL/min) at 100 °C for 2 hours. Then, helium was 
replaced by the reductive gas H2/He (5 mol.% H2 in He) at a flow-rate of 30 mL/min. 
The temperature of the reactor was linearly increased from 100 to 800 °C at a rate of 
5 °C/min. The effluent gas was analysed by a thermal conductivity detector (TCD). 
6.4.9 Thermo Gravimetric Analysis 
Thermo gravimetric analyses (TGA) were performed using a TA instruments (Model 
2960 SDT, V3.0F) to study the thermal decomposition behaviour of the fresh 
(meaning calcined and not used in a catalytic test) and spent (meaning calcined and 
used in a catalytic test) catalysts. The catalysts were heated from room temperature 
to 700 °C with an increasing rate of 3 °C/min under air flow. 
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6.4.10 Inductively Coupled Plasma 
Inductively coupled plasma method (ICP) was done on a Spektro-Flame D. The 
samples were prepared by storing the catalyst in a mixture of 5 mL H2SO4 (96 %) 
and 5 mL HF (40 %) for several weeks to assure complete dissolving of the catalyst. 
Afterwards, the clear solution was diluted with water and measured. The 
quantification of tungsten and titania was conducted via a comparison of the sample 
with certified calibration solutions. The analysis of SbFeO and SbVO catalysts by ICP 
was impossible, as the catalysts did not dissolve in several acidic as well as basic 
solutions even after months. 
6.5 Preparation Methods 
6.5.1 Catalysts for the Dehydration of Glycerol 
6.5.1.1 Method I: Impregnation Method of Powder in the Slurry 
The catalysts were prepared according to the impregnation method described by 
Ulgen et al.:[15] 
Ammonium paratungstate (NH4)10H2(W2O7)6 was dissolved in hot water (80°C). The 
solution was maintained at 80 °C under stirring for 2 hours. Thereafter, the titania 
powder was added to the solution. Afterwards, the excess water was evaporated 
under stirring. The resulting cake was dried at 120 °C overnight. The catalyst powder 
was then pressed to pellets before being crushed and sieved to obtain a particle size 
between 0.5 and 1 mm. Finally, the catalyst particles were calcined at 600 °C in air 
for 6 hours. 
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Table 26: Synthesis of slurry WO3/TiO2 catalysts. 
Catalystno. (NH4)10H2(W2O7)6 TiO2 powder H2O WO3 aimed 
KATCL24 1.158 g 20 g1 200 g 5 wt.% 
KATCL25 2.445 g 20 g1 200 g 10 wt.% 
KATCL10 3.883 g 20 g1 200 g 15 wt.% 
KATCL26 1.158 g 20 g2 200 g 5 wt.% 
KATCL29 2.445 g 20 g2 200 g 10 wt.% 
KATCL28 3.883 g 20 g2 200 g 15 wt.% 
1: Hombikat Typ II, 2: P25 
6.5.1.2 Method II: Impregnation of Extrudates 
At first, different titania supports (Hombikat Typ II, P25) were extruded according to 
the method described below. 
For catalyst extrusion, 285 g of TiO2 was mixed in a kneader with a mixture of 
titanium tetrachloride TiCl4 and 150 g ice. Afterwards, 50.8 mL of NH3 solution (28 %) 
was added in order to neutralize the formed HCl. Thereafter, 15 g methyl cellulose 
(Walocel) and water (15 to 60 mL depending on the moisture level) was added. The 
resulting mixture was kneaded for about 30 minutes to obtain a highly viscous 
material which was extruded with a diameter of 2 mm. The extrudates were dried at 
120 °C over night and subsequently crushed and sieved to obtain a particle size 
between 0.5 and 1 mm. Finally, the catalyst particles were calcined at 500 °C in air 
for 6 hours. 
The next step was to prepare a solution of ammonium paratungstate 
(NH4)10H2(W2O7)6 in hot water (80 °C). The solution was maintained at 80 °C and 
stirred for 2 hours. Thereafter, the titania extrudates were mixed with 
(NH4)10H2(W2O7)6 solution and the excess water was removed in a rotary evaporator. 
The impregnated particles were dried at 120 °C overnight. At last, the catalyst 
particles were calcined at 600 °C in air for 6 hours. 
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Table 27: Synthesis of WO3/TiO2 extrudates. 
Catalystno. (NH4)10H2(W2O7)6 TiO2 extrudates H2O WO3 aimed 
KATCL22 1.158 g 20 g1 200 g 5 % 
KATCL16 3.667 g 30 g1 200 g 10 % 
KATCL13 3.883 g 20 g1 200 g 15 % 
KATCL17 3.667 g 30 g2 200 g 10 % 
KATCL09 3.883 g 20 g2 200 g 15 % 
1: Hombikat Typ II, 2: P25 
6.5.1.3 Method III: Impregnation in a Slurry Followed by Extrusion 
At first, Ammonium paratungstate (NH4)10H2(W2O7)6 was dissolved in hot water 
(80°C). The solution was maintained at 80 °C under stirring for 2 hours. Thereafter, 
the titania powder was added to the solution. Afterwards, the excess water was 
evaporated under stirring. The resulting cake was dried at 120 °C overnight. 
The next step was to extrude the dried powder. Therefore, 20.68 g of titanium 
tetrachloride TiCl4 were dissolved in 500 g of water which was cooled in an ice bath. 
A second solution was prepared by adding 26.52 g NH3 solution (28 %) to 500 g of 
water. Both solutions were mixed and the resulting solid was filtered and washed with 
1 L of water. Thereafter, the filter cake was mixed with the impregnated TiO2 and 
8.67 g of corn starch (Cerestar AJ) in a kneader and kneaded for about 30 minutes to 
obtain a highly viscous material which was extruded with a diameter of 2 mm. The 
extrudates were dried at 120 °C over night and subsequently crushed and sieved to 
obtain a particle size between 0.5 and 1 mm. Finally, the catalyst particles were 
calcined at 600 °C in air for 6 hours. 
 
Table 28: Synthesis of WO3/TiO2 catalyst according to combination of slurry and extrusion 
method. 
Catalystno. (NH4)10H2(W2O7)6 TiO2 H2O WO3 aimed 
KATCL33 26.86 g 150 g1 700 g 14 wt.% 
1: Hombikat Typ II 
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6.5.2 Catalysts for the Ammoxidation of Acrolein 
6.5.2.1 Antimony Iron Mixed Oxides 
The antimony iron mixed oxide catalysts have been prepared according to the 
deposition method described by Li et al.:[114] 
An appropriate amount of iron nitrate Fe(NO3)3.9H2O was dissolved in an aqueous 
oxalic acid solution (0.1 N). Thereafter, the solution was heated to 80 °C and the 
appropriate amount of antimony-III-oxide was added under stirring. The resulting 
solution was maintained at 80 to 90 °C under stirring in order to evaporate the 
solvent. Afterwards, the resulting cake was dried at 100 °C for 72 hours. The catalyst 
powder was then pressed to pellets before being crushed and sieved to obtain a 
particle size between 0.5 and 1 mm. Finally, the catalyst particles were calcined at 
500 °C in air for 8 hours. 
 
Table 29: Snythesis of SbFeO catalysts. 
Catalystno. Sb/Fe 
molar ratio 
Fe(NO3)3·9H2O Sb2O3 Oxalic acid H2O 
KATSG10 0.4 87.3 g 12.6 g 3.38 g 750 g 
KATSG7 0.6 72.7 g 15.7 g 3.38 g 750 g 
KATPS4 0.8 27.7 g 8.0 g 3.15 g 500 g 
KATPS5 1.0 22.2 g 8.0 g 3.15 g 500 g 
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6.5.2.2 Antimony Vanadium Mixed Oxides 
The antimony vanadium mixed oxides were prepared following the method described 
by Nilsson et al.:[101] 
Ammonium metavanadate NH4VO3 was dissolved in hot water (80 °C). After addition 
of antimony-III-oxide, the solution was heated under reflux with stirring overnight. 
Thereafter, the excess water was evaporated at 80 to 90 °C. The remaining cake 
was dried at 110 °C overnight and further at 350 °C under air for 5 hours. Thereupon, 
the catalyst powder was pressed to pellets before being crushed and sieved to obtain 
a particle size of 0.5 to 1 mm. At last, the particles were calcined at 610 °C in air for 3 
hours. 
 
Table 30: Synthesis of SbVO catalysts. 
Catalystno. Sb/V 
molar ratio 
NH4VO3 Sb2O3 H2O 
KATSG11 0.4 23.4 g 11.7 g 950 g 
KATSG6 0.6 19.7 g 14.7 g 950 g 
KATPS3 0.8 7.0 g 7.0 g 500 g 
KATPS1 1.0 7.0 g 8.7 g 500 g 
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6.5.2.3 Additional Catalysts for the Ammoxidation of Acrolein 
6.5.2.3.1 MoO3 
The MoO3 catalyst (KATSG9) was prepared by calcination of ammonium 
heptamolybdate (NH4)6Mo7O24. At first, the precursor was pressed to pellets before 
being crushed and sieved to obtain a particle size of 0.5 to 1 mm. Thereafter, the 
particles were calcined at 400 °C in air for 5 hours. 
6.5.2.3.2 MoO3/TiO2 
Ammonium heptamolybdate (NH4)6Mo7O24 was dissolved in hot water (70 °C). The 
resulting solution was maintained at 60 to 70 °C under stirring for 1 hour. Thereafter, 
TiO2 was added under stirring and the temperature was increased to 80 °C. After the 
excess water was evaporated, the remaining cake was dried at 120 °C overnight. 
The catalyst powder was then pressed to pellets before being crushed and sieved to 
obtain a particle size between 0.5 and 1 mm. Finally, the catalyst particles were 
calcined at 500 °C under air for 5 hours. 
 
Table 31: Synthesis of MoO3/TiO2 catalyst. 
Catalystno. (NH4)6Mo7O24 TiO2 H2O MoO3 aimed 
KATCL209 26.28 g 50 g1 200 g 30 wt.% 
1: Hombikat Typ II 
 
6.5.2.3.3 MoVSb Mixed Oxide 
Ammonium heptamolybdate (NH4)6Mo7O24 and ammonium metavanadate NH4VO3 
were dissolved in hot water (100 °C). Thereafter, antimony-III-oxide was added and 
the solution was maintained at 100 °C for three hours under stirring. In the meantime, 
the color of the solution changed from green to dark blue. After 3 hours, hydrogen 
peroxide H2O2 was added dropwise until the color changed to orange. Finally, the 
colloidal silica was added and the excess water was evaporated under stirring. The 
remaining cake was dried at 120 °C for 12 hours. The catalyst powder was then 
pressed to pellets before being crushed and sieved to obtain a particle size between 
0.5 and 1 mm. Finally, the catalyst particles were calcined at 300 °C under air for 4 
hours and at 500 °C under air for 2 hours. 
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Table 32: Synthesis of MoVSbO catalyst. 
Catalystno. Mo/V/Sb 
molar ratio 
(NH4)6Mo7O24 NH4VO3 Sb2O3 H2O2 H2O Ludox 
KATPS12 3/1/0.5 45.0 g 9.0 g 5.6 g 5.0 g 142.0 g 35.8 g 
Ludox: Colloidal silica, 40 wt.% 
6.5.2.3.4 FeBiP Mixed Oxide 
The FeBiPO catalyst (KATSG5) was synthesized according to the method described 
by Oka et al.:[115] 
Bismuth nitrate Bi(NO3)3·5H2O was dissolved in 20 g of water and 5 mL of HNO3. A 
mixture of iron nitrate Fe(NO3)3·9H2O, 20 g of water and 0.5 mL H3PO4 was added to 
this solution. Finally, the silica support was added. Thereafter, the excess water was 
evaporated in a boiling water bath. Afterwards, the remaining cake was dried at 
130 °C in air for 13 hours. The catalyst powder was then pressed to pellets before 
being crushed and sieved to obtain a particle size between 0.5 and 1 mm. At last, the 
catalyst particles were calcined at 500 °C under air for 9 hours. 
 
Table 33: Synthesis of FeBiPO catalyst. 
Catalystno. Fe(NO3)3·9H2O Bi(NO3)3·5H2O H3PO4 HNO3 H2O Silica-gel 
KATSG5 28.3 g 53.3 g 0.5 mL 5.0 mL1 40.0 g 40.0 g 
1: 85 wt.% 
6.5.2.3.5 MoVTeNb Mixed Oxide 
The MoVTeNbO catalyst (KATSG4) was prepared according to a method described 
in a patent by Mitsubishi Kasei Corporation:[116] 
Ammonium metavanadate NH4VO3 was dissolved in 600 g water. A mixture of 
Ammonium niobate oxalate 10.1 hydrate C4H4NNbO9·10.1H2O and 75 g water was 
added to this solution. Two other solutions made of telluric acid Te(OH)6 in 60 g of 
water and ammonium heptamolybdate (NH4)6Mo7O24 in 125 g water were also added. 
The resulting mixture was heated to 100 °C and stirred until the excess water was 
evaporated. Afterwards, the remaining cake was dried at 130 °C in air for 20 hours. 
The catalyst powder was then pressed to pellets before being crushed and sieved to 
obtain a particle size between 0.5 and 1 mm. At last, the catalyst particles were 
calcined at 350 °C under air for 5 hours. 
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Table 34: Synthesis of MoVTeNbO catalyst. 
Catalystno. NH4VO3 C4H4NNbO9·10.1H2O1 Te(OH)6 (NH4)6Mo7O24 H2O 
KATSG4 6.6 g 6.8 g 6.4 g 24.7 g 860.0 g 
1: Water content determined gravimetrically 
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